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The thesis includes five· chapters. Chapter 1 summarizes a variety of constituent 
materials and production methods of phosphate glass-polymer hybrids, the problems in 
application and processing of these hybrids, and the purpose of the research. Chapter 2 is 
a paper on the viscoelastic properties of the blends of phosphate glass (Pglass) with low-
density polyethylene (LDPE). Chapter 3 is a paper on the mechanical properties of the 
Pglass-LDPE hybrids. Chapter 4 is a paper dealing with the melt-rheology of the Pglass 
and it's blends with organic polymers. Chapter 5 is a paper detailing the use of the 
imbedded fiber retraction technique for evaluating the interfacial tension between the 
Pglass and the organic polymer. Chapter 6 gives general conclusions and future 
directions.· 
Introduction 
Polymer composites are important industrial materials as their properties can be 
altered to satisfy a wide range of applications. A lot of research has been carried out on 
glass fiber reinforced plastics. In these composites, melt mixing is not possible due to the 
high glass transition temperature (Tg) of the fibers used. However, the recent 
development of low Tg glasses based on phosphate chemistry has allowed the 
development of new processes for the manufacture of polymer-glass composites. It is 
now accepted that inorganic phosphate glasses (hereafter referred to as Pglass) are 
polymeric in nature and that they are composed of chain-like structures just as in organic 
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polymers. A whole family of durable low Tg Pglasses has been developed with Tg's 
ranging from 115 °c to 375 °c. This low Tg allows the glass to be deformable at 
conditions used to process many thermoplastics. Hence, conventional plastic processing 
equipment like thermoforming, compression molding, injection molding and extrusion 
can be used for producing these blends. In addition, as will be shown in this thesis, higher 
glass loading is possible compared to traditional glass fibers like E glass. These blends 
have many potential commercial uses like applications requiring materials with high 
stiffness and strength, excellent flame resistance and ease of processing. 
Definition of the research problem 
The goal of this research is to carry out a series of experiments to generate new, 
ordered ( elongated or fibrous) phosphate glass microstructures within the continuous 
organic polymer phase. We will try to determine both theoretical and practical 
relationships between microstructure and performance properties of these novel, highly 
filled inorganic phosphate glass-organic polymer hybrid materials. This research is the 
first step in developing a material with superior properties such as excellent flame 
resistance and thermal stability at high temperatures, high elastic modulus and strength, 
and coefficient of thermal expansion. In addition, the results from this research will 
provide the detailed fundamental understanding needed for controlling microstructure 
and tailoring the performance properties of glass-polymer systems for use in any load-
bearing, lightweight applications. The objectives of this research are as follows: 
I. To prepare glass/polymer hybrids containing 10% to 60% (v/v) of low Tg tin 
phosphate glass 
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2. To use different organic polymers such as low-density polyethylene (LDPE), 
polystyrene (PS), polypropylene (PP) and polyetherimide (PEI) in making the 
hybrid with the tin phosphate glass 
3. To determine the morphology of the dispersed phase and the interfacial conditions 
in the hybrids 
4. To determine the viscoelastic properties of these hybrids under typical processing 
conditions 
5. To determine the stiffness, strength and impact properties of the hybrids using 
standard methods 
6. To develop empirical and theoreticai models for predicting the properties of the 
hybrids 
Why the research problem is critical to the advancement of this field? 
The development of inorganic phosphate glasses has recently attracted both 
academic and industrial interest because they generally have higher thermal expansion 
characteristics and lower glass transition temperatures than silicate or borate glasses. 
However, very little information is available on these glasses to be of practical use. 
Blending these glasses with organic polymers to make a novel inorganic-organic hybrid 
is a rich field of research that has not yet been very well exploited. Polymer-phosphate 
glass hybrids have many advantages because-of the co-existence of the inorganic-organic 
phases. Some representative merits are listed in table 1. Among these, one of the most 
important aspects is the ease with which semi-assembled parts of filled polymers can be 
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Table l Some representative merits of Pglass-polymer hybrids 
Merit Reason 
Difficult to crack or break Elasticity of polymers 
Complex shapes are available Using polymer molding methods 
High dimensional preciseness without machining Using precise mold dies 
Easy to obtain semi-assembled parts Using polymer molding technology 
Chemical properties can be set up Choice of adaptable polymers 
Highly mass productive Using polymer molding methods 
obtained using one molding operation. Customers for these parts can save on assembly 
line costs and quality control staff. 
It can be seen that one of the most important aspects is the ease of processability 
of these hybrids. Since the glass has a very low Tg ( comparable to organic polymers), the 
hybrid is easily made by meit mixing in commercially available plastics processing 
equipment like mixers, extruders, and injection molders. This gives a very good 
dispersion of the glass in the polymer matrix and leads to a significant improvement in 
mechanical properties of these hybrid materials. So far, only Pglass-polymer hybrids 
containing spherical glass microstructures within the polymer matrix have been produced 
due to little understanding of the relationships between the processing characteristics, 
microstructure, and mechanical properties of the materials. In addition, the role of 
composition and viscosity ratios, elasticity, interfacial tension, and processing history on 
the morphology of the glass/polymer hybrid is unknown. Composite theory suggests that 
if the glass microstructure could be changed into elongated (fibrous) microstructures, the 
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performance properties of the glass-polymer hybrid would be significantly increased, 
thus opening up new application areas for these materials. The results of the present study 
are likely to provide a basis upon which future progress on tailoring .the interesting 
microstructures and properties of organic-inorganic polymer hybrid products of this class 
for beneficial uses in applications requiring high stiffness and strength, excellent flame 
resistance, and ease of processing. 
Literature survey 
Polymer hybrids are important industrial materials because their properties can be 
altered to satisfy a wide range of applications by suitably controlling the microstructure. 
Over 30% of commercial polymers used worldwide are polymer. hybrids or alloys in one 
form or another (1-2). This large-scale global consumption of polymer hybrids is 
primarily because two or more polymers with vastly different properties can be melt-
blended to give a material having better properties than those of the individual polymer 
components. Organic-organic polymer hybrids have been in use for quite a few years. 
When inorganic fillers such as CaCO3, talc, glass, and clays are incorporated into these 
polymer hybrids, substantial improvement in properties. of the pure polymers can be 
achieved. Often, addition of the solid inorganic fillers can lead to intractable viscosity of 
the polymer hybrid, especially at filler levels greater than 30 volume percent, making it 
impossible to melt process them into useful products using common plastics processing 
methods such as injection molding. 
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Alternatively, an inorganic component that is fluid during the melt processing can 
be added to a pure polymer or polymer hybrid to provide an inorganic-organic hybrid 
system with interesting microstructures and relatively low viscosity atvery high volume 
content of the inorganic phase, enhancing the properties and processability of the 
polymer. Recent successes (3-11) in developing low Tg inorganic glasses based on 
phosphate glass chemistry have spurred interest in the relationship among processing, 
properties, and microstructure of organic-inorganic polymer hybrids. The low Tg (== 100 
0c) of the inorganic glass phase permits it's loading at a very high content (up to 50 vol. 
% or 85 wt. % ) in the hybrid. By contrast, such high glass loading levels are impossible 
to process by using conventional inorganic fillers and conventional polymer processing 
method because of high intractable viscosity of the composite melt as alluded to earlier. 
A challenging and fertile area for research remains in learning how to process the raw 
phosphate glass and organic polymer into affordable, commercial structural materials. 
Phosphate glasses (1-5, 14-17) offer many advantages over the more traditional 
inorganic fillers such as silicate glasses (18). One key advantage of the former is their Tg 
that is low enough to permit processing with engineering thermoplastics to afford 
composite hybrid systems (6,7;10,11). Recent studies (6, 9) have focused on developing 
chemically durable phosphate glasses with low Tgs for producing injection-moldable 
glass-polymer composites that are· stiff, strong, and dimensionally .stable at high-
temperature and other high-end uses. Formability of these hybrids by injection molding 
of varying compositions with different thermoplastics and thermosets (6,9,11,19) and 
with biodegradable plastic compositions (20) to give composites with considerable 
improvement in stiffness and strength of the pure polymer have been reported. In the 
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papers just cited, the authors report that the phosphate glass forms the dispersed phase 
that is present as small beads or elongated fibers in the continuous polymer phase to a 
greater or lesser extent depending on the nature of the composite components and 
processing conditions. 
References 
1. L.A. Utracki, Encyclopedic Dictionary of Commercial Polymer Blends, 
ChemTec Publishing, Toronto (1994). 
2. L. A. Utracki, Polymer Alloys and Blends: Thermodynamics and Rheology, 
Hanser, New York (1990). 
3. G. H. Beall, and C. J. Quinn, "Zinc-Containing Phosphate Glasses," U.S. Patent 
4,940.677 (1990). 
4. G. H. Beall, J.E. Dickinson, and C. J. Quinn, "Rare earth-containing zinc 
phosphate glasses; Alkali resistance, chemical durability; consists of rare earth 
oxides and at least two alkali metal oxide with tin/aluminum/ and lead oxide,'' 
U.S. Patent4.996.172 (1991). 
5. N. H. Ray, J. N. C. Laycock, and W. D. Robinson, "Oxide glasses of very low 
softening point. Part 2. Preparation and properties of some zinc phosphate 
glasses," Glass Technol., 14(2), 55 (1973). 
6. C. J. Quinn, P. D. Frayer, and G. H. Beall, "Glass-polymer melt blends," 
Encyclopedia of Polymer Science and Technology, 4, J.C. Salamone (ed.), 2766 
(1996). 
8 
7. C. J. Quinn, G. H. Beall, and J. E. Dickinson . "Alkali Zinc Pyrophosphate 
Glasses for Polymer Blends," Bull. Spanish Soc. Of Ceramics on Glass, 31-C (4), 
79 (1992). 
8. R. L. Sammler, J. U. Otaigbe, M. L. Lapham, N. L. Bradley, B. C. Monahan, and 
C. J. Quinn, "Melt Rheology of zinc alkali phosphate glasses," J. Rheol., 40(2), 
. 285 (1996). 
9. J. U. Otaigbe, and G. H. Beall, "Inorganic Phosphate Glasses as Polymers," 
Trends in Polymer Science, 5(11), 369 (1997) [and references therein]. 
10. W. A. Bahn, and C. J. Quinn, "Microstructure oflow melting temperature glass-
poly (aryletherketone) Blends," SPE-ANTEC Tech. Papers, 49, 2370 (1991). 
11. J. U. Otaigbe, C. J. Quinn, and G. H. Beall, "Processability and Properties of 
Novel Glass-Polymer Melt Blends," Polymer Composites, 19(1), 19-22 (1998). 
12. J.W. Wiench, M. Pruski, B. Tischendorf, J.U. Otaigbe, and B.C. Sales, "Structural 
studies of zinc polyphosphate glasses by nuclear magnetic resonance," J. Non-
Cryst. Solids, 263-264 (Special), 101-110 (2000). 
13. B. Tischendorf, and J. U. Otaigbe, unpublished results. 
14. J. J. Hudgens, and S. W. Martin, "Glass transition and infrared spectra oflow-
alkali, anhydrous lithium phosphate glasses,'' J. Am. Ceram. Soc., 76(7), 1691 
(1993). 
15. S. W. Martin, "Review of the structures of phosphate glasses," Eur. J. Solid 
State Inorg. Chem., 28, 163 (1991). 
16. S. W. Martin, "Ionic conduction in phosphate glasses," J. Am. Ceram. Soc., 
74(8), 1767 (1991). 
9 
17. A. K. Varshneya, Fundamentals oflnorganic Glasses, Academic, New York 
(1994). 
18. J. F. Stebbins, P. F. McMillan, and D. B. Dingwell (eds.), Reviews in Mineralogy 
Volume 32: Structure. Dynamics and Properties o(Silicate Melts, Bookcrafters, 
Michigan (1995). 
19. R. T. Young, M.A. McLeod, and D. G~ Baird, "Deformation behavior of 
thermoplastics reinforced with melt processable glasses," SPE-ANTEC Tech. 
Papers, 57(2), 2698-2702 (1999). 
20. J. U. Otaigbe, and D. 0. Adams, J. Environmental Poly. Degradation, 5(4), 199 
(1997) 
10 
CHAPTER 2. GLASS-POLYMER MELT HYBRIDS: I. VISCOELASTIC 
PROPERTIES OF NOVEL AFFORDABLE ORGANIC-INORGANIC POLYMER 
HYBRIDS 
Abstract 
A paper submitted to Polymer Engineering and Science Journal 
Sunil B Adalja, Joshua U. Otaigbe, and Jason Thalacker 
A novel class of organic-inorganic polymer hybrids was developed by melt-
blending up to 50 (v/v) % [about 83 (w/w) %] tin-based polyphosphate glass (Pglass) and 
low-density polyethylene {LDPE) in conventional plastics processing equipment. The 
liquid- and solid-state rheology of the polymer hybrids was studied under oscillatory 
shear flow and deformation . to understand the behavior of these materials and to 
accelerate efforts to melt process the Pglass with organic polymers. All the materials 
were found to be linearly viscoelastic in the range of temperature and · frequencies 
examined and their viscoelastic functions increased with increasing Pglass concentration. 
The Pglass significantly enhanced the shear-thinning characteristics of the Pglass-LDPE 
hybrid, indicating the presence of nonlinear chemical and physical interactions between 
the hybrid components. Morphological examination of the materials by scanning electron 
microscopy revealed interesting evolution of microstructure of the Pglass phase from 
droplets (or round beads) to elongated and interpenetrating network structures as the glass 
concentration was increased in the Pglass-LDPE hybrids. Melt viscosities of the materials 
were well described by a simple power-law equation and a Maxwellian (Hookean) model 
with three relaxation times. Time-temperature superpositioning (TTS) of the complex 
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viscosity versus frequency data was excellent at 170°C < T < 220°C and the temperature 
dependencies of the shift factors conformed extremely well to predictions from an 
Arrhenius-type relation, enabling calculation of the flow-activation energies (25-285 
kJ/mol) for the materials. The beneficial function of the Pglass in the hybrid system was 
significantly enhanced by pre-treating the glass with coupling agents prior to 
incorporating them into the Pglass-LDPE hybrids. 
1. Introduction 
Polymer hybrids are important industrial materials because their properties can be 
altered to satisfy a wide range of applications by suitably controlling the microstructure 
and composition. Over 30% of commercial polymers used worldwide are polymer 
hybrids or alloys in one form or another (1-2). This large-scale global consumption of 
polymer hybrids is primarily because two or more polymers with vastly different 
properties can be melt-blended to give a material having better properties than those of 
the individual polymer components. Organic-organic polymer hybrids have been in use 
for quite a few years. When inorganic fillers such as CaCO3, talc, glass, and clays are 
incorporated into these polymer hybrids, substantial improvement in properties of the 
pure polymers can be achieved. Often, addition of the solid inorganic fillers can lead to 
intractable viscosity of the polymer hybrid, especially at filler levels greater than 30 
volume percent, making it impossible to melt process them into useful products using 
conventional plastics processing methods such as injection molding. 
Alternatively, an inorganic component that is fluid during the melt processing can . 
be added to a pure polymer and polymer hybrid to provide an inorganic-organic hybrid 
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system with interesting microstructures and relatively low viscosity at very high volume 
content of the inorganic phase, enhancing the properties and processability of the 
polymer. Recent successes (3-11) in developing low-Tg inorganic glasses based on 
phosphate glass chemistry have spurred interest in the relationship among processing, 
properties, and microstructure of organic-inorganic polymer hybrids. The low Tg (= 100 
0q of the inorganic glass phase permits it's loading at a very high content (up to 50 vol. 
% or 85 wt. %) in the hybrid. By contrast, such high glass loading levels are impossible 
to process by using conventional inorganic fillers such as borosilicate (E-glass) glasses 
and conventional polymer processing method because of high intractable viscosity of the 
composite melt as alluded to earlier. A challenging and fertile area for research remai~s 
in learning how to process the raw phosphate glass and organic polymer into affordable, 
commercial structural materials. As a starting point, we have elected to focus our 
fundamental studies on the solid- and liquid-state rheological properties of the pure 
components and of their hybrids to accelerate efforts to melt process the glass-polymer 
melt hybrids. These properties together with the detailed structure and dynamics of the 
pure glass phase reported elsewhere (12-13) can serve as benchmarks for evaluation of 
the laboratory-based processing. 
Phosphate glasses ( 1-6, 9, 14-17) offer many advantages over the more traditional 
inorganic fillers such as silicate glasses (18). One key advantage of the former is their Tg 
that is low enough to permit melt processing with engineering thermoplastics to afford 
composite hybrid systems (6,7,10,11). Recent studies (6,9) have focused on developing 
chemically durable phosphate glasses with low Tg for the purpose of producing injection-
moldable glass-polymer composites that are stiff, strong, and dimensionally stable at 
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high-temperature for high-end uses. Formability of these hybrids by injection molding of 
varying compositions with different thermoplastics and thermosets (6,9,11,19) and with 
biodegradable plastic compositions (20) to give composites with considerable 
improvement in stiffness and strength of the pure polymer have been reported. In the 
papers just cited, the authors report that the phosphate glass forms the dispersed phase 
that is present as small beads or elongated fibers in the continuous .polymer phase to a 
greater or lesser extent depending on the nature of the composite components and 
processing conditions. 
While most of the previous work has aimed at developing glass-polymer melt 
hybrids containing zinc phosphate-based glass systems with 220 °c < Tg < 350 °c and 
expensive, high temperature polymers such as PEEK and poly ( ether sulfone) for high-
end uses, the present study reports our recent progress in synthesizing ultra-low Tg (Tg 
120 °c) phosphate glass, processing the phosphate glass with relatively cheap polyole:fins 
such as LOPE to form an organic-inorganic polymer hybrid system with interesting 
microstructures and properties for a number of useful applications. Our m9tivation was to 
reveal correlations between the processing . conditions and the microscopic and 
macroscopic properties of the new organic-inorganic polymer hybrid systems. Small 
strain oscillatory flow and deformation experiments in both liquid-state and solid-state, 
· torque rheometry,' optical and scanning electron microscopy, and DSC/TGA were used to 
characterize the organic-inorganic polymer hybrid systems. Other properties such as 
static mechanical properties, interfacial tension and its correlation with theories of blend. 
viscoelasticity not discussed in this paper will be reported elsewhere. The results of the 
present study are likely to provide a basis upon which future progress on tailoring the 
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interesting microstructures and properties of organic-inorganic polymer hybrid products 
of this class for beneficial uses in applications requiring high stiffness and strength, 
excellent flame resistance, and ease of processing. 
2. Experimental 
A. Materials 
The phosphate glass (hereafter referred to as Pglass) having a molar composition 
of 0.50SnF2 + 0.20SnO + 0.30P2O5 with an average density of 3.75 glee and an average 
Tg of 116 °c was synthesized in our laboratory following the procedures reported 
elsewhere (21). The general molding grade of LDPE (PE 1023), with a Tm of 125 °c and 
a density of 0.92 glee was used as received from Huntsman Corporation. All materials 
were dried for at least 24 hr or until constant weight was achieved. Table I shows the 
amounts of the LDPE and phosphate glass used to make the various hybrids and Fig.1 
shows the weight percentage of the glass as a function of the vol.% of the glass used in 
the hybrids. It can be seen from Fig. 1 that 50 vol.% of the glass corresponds to roughly 
85 weight % glass in the composite. The amounts are based on a volume of 45 cc, which 
is the amount of material the Brabender mixer can hold. 
B. Preparation of Coated Glass 
The coupling agents used were y-aminopropyltriehoxy silane (All00, OSi 
Specialities, Inc.) and PS200-KG Glassclad 18 (octadecylsilane derivative in t-butanol 
and diacetone alcohol, Huls America Inc.). A one percent aqueous solution of these 
coupling agents was prepared. The Pglass was coated by simple immersion in the 
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solution of the coupling agent following the methods reported previously (22). After 
immersion for about 5 minutes, the excess solution was decanted and the coated Pglass 
powders were dried to constant weight in a vacuum oven at 85 °c. 
C. Melt Blending 
A Brabender Measuring Head (C. W. Brabender Instruments, Inc.) torque mixer 
with twin roller-type rotors was used to prepare the hy~rids. The mixer was preheated to 
140 °c and a fixed shear rate of 30 rpm was set. The polymer was first added to the 
mixing head of the mixer and maintained at 140 °c for about 5 minutes until a 
homogeneous melt was achieved. Subsequently, the glass was added as a powder and the 
mixture was melt-mixed for about 20 minutes until it homogenized. completely. A 
number of hybrids with glass loading varying from 10 vol.% to 50 vol.% were prepared 
(Table I). Hybrids were made with the uncoupled glass and with the glass coated with the 
two coupling agents (hereafter referred to as coupled glass). The hybrids obtained by melt 
mixing in the mixer were compression molded in a lab-scale compression molding press 
(Elmes Engineering, Cincinnati). Small disks (25 mm diameter x 3 mm height) were 
compression molded under a pressure of 4 MPa at 140 ± 1 °C. A mold residence time of 
about 5 minutes was used and the molded sample was allowed to cool i1;1 air to ambient 
temperature under the molding pressure of 4 MPa. The specimens used for the dynamic 
mechanical measurements were similarly prepared. 
16 
D. Melt Rheology 
Small-amplitude parallel plate-plate experiments were performed on the 
compression-molded disks using a dynamic mechanical spectrometer (ARES®, 
Rheometrics Scientific) operating under RSI Orchestrator software for automatic 
equipment control, data acquisition and analysis. Temperatures were restricted primarily 
to those above the Tg of the materials studied. The plates, and the fixtures holding them, 
were made of stainless steel. The sample compartment was continuously blanketed with 
nitrogen throughout the experiments. The nitrogen temperature was used to control the 
sample temperature. A probe in contact with the lower parallel plate sensed the sample 
temperature. The linear viscoelastic _region was determined by a strain sweep at 170 °c 
and 10 rad/s. Based on these results, a fixed linear strain of 2 % was ,used in all the 
dynamic experiments. The complex viscosity of the hybrids was measured under 
dynamic shear deformation. All measurements ( except for · frequency-temperature 
sweeps) were made at 170 °c and reproducibility of the measured parameters was tested 
with at least three samples of the same composition. 
E. Solid-State Rheology 
A dynamic mechanical analyzer (Perkin-Elmer DMA 7) was used to perform the 
dynamic mechanical testing in the 3-point bend configuration in the. solid-state of the 
materials (i.e., at T < Tm or Tg of the materials). Rectangular DMA test specimens (length 
= 19 mm, width = 2 mm and depth = 1.5 mm, span to depth ratio = 5) were cut from the 
compression molded samples. Two types of tests were carried out. The first test was a 
temperature sweep carried out from 25 °c to 120 °c at a sweep rate of 2 °ctmin. A 
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constant static force of 60 mN and a dynamic force of 50 mN at a frequency of 1 Hz was 
applied. In the second type of test called the Frequency Multiplex (23), the samples were 
subjected to a frequency sweep from 1 Hz to. 51 Hz (6.28 rad/s to 320.28 rad/s) at 
temperature intervals of 5 °c from 25 °c to 100 °c. Helium was used as the purge gas at 
30 ml/min. The change in modulus and viscosity as a function of temperature and 
frequency was determined for the uncoupled and coupled Pglass-LDPE hybrids. 
3. Results 
A. Melt Blending 
During the mixing process, the torque in the mixer was measured as a function of 
time. Figure 2 shows a typical change in torque with time for the blending of 10 vol.% 
Pglass and 90 vol.% LDPE. The first peak in the figure corresponds to addition of the 
polymer pellets to the empty mixer. Hence, initially the rotors experience some 
resistance, and the torque value increases to a certain level. As the polymer starts melting, 
its viscosity reduces and so the torque starts decreasing and levels off to a steady value as 
Fig. 2 shows. The second peak corresponds to addition of the Pglass to the mixer. Note 
that the Pglass was added only after the torque had reached a steady value. As the glass 
particles are added, the torque again increases as the rotors again experience some 
resistance. The torque starts reducing and reaches a steady value as the glass melts and 
mixes with the polymer. 
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B. Morphology 
The typical morphology of these hybrids, obtained by melt-mixing is shown in 
Fig. 3. Figure 3(a) shows the microstructure for 10% Pglass-LDPE, Fig. 3(b) is for 30% 
Pglass-LDPE, and Fig. 3(c) shows the microstructure for 50% Pglass-LDPE. In these 
micrographs, the light phase is the Pglass and the dark phase is the LDPE. It is obvious 
that increasing the glass loading leads to evolution of a different microstructure. For 10% 
Pglass loading (i.e., lowest Pglass concentration studied), the Pglass is dispersed as tiny 
beads in the continuous polymer matrix. Increasing the glass loading to 39% leads to an 
elongated microstructure [Fig. 3(b)] of the Pglass within the LDPE matrix. At 50% 
Pglass loading, an interpenetrating network microstructure develops [see Fig. 3(c)]. 
Similar results have been reported for different Pglass-polymer systems (6, 10, 11). 
Figure 3(d) shows X-ray spectrum of a mixed-phase (Pglass-rich) region in the 30 vol.% 
Pglass-LDPE hybrid confirming the presence of Carbon (from the LDPE) in this region. 
C. Melt Rheology . 
To characterize the flow properties of this system a detailed rheological 
characterization was carried out with the ARES® rheometer. A strain sweep on the 
sample at 170 °c was used to determine the linear viscoelastic region. Figure 4 shows a 
typical strain sweep carried out on a 10% Pglass-LDPE system at 170 °c and frequency 
of 10 rad/s. The region within which the storage modulus G' is flat is the linear 
viscoelastic region. Based on this result, a linear strain of 2% was applied to the samples 
for the oscillatory flow experiments. The complex viscosity of the hybrids as a function 
of the frequency is shown in Fig. 5(a). The complex viscosities of the pure polymer and 
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pure glass are also included in this figure. It is apparent from Fig. 5(a) that increasing the 
glass loading in the hybrids increases the viscosity, especially at low frequencies. 
The change in complex viscosity as a function of frequency can be described by 
various empirical equations (24). The Carreau-Yasuda model and the Power-Law 
equation were fitted to our experimental data. The Carreau-Y asuda model is a four-
parameter equation given as 
n-1 
1/ = c[ 1 + ( T@ )a Ja (1) 
Here, c, i; a, and n are constants obtained by curve fitting. In addition, c has the 
significance of zero-shear viscosity 1Jo at lower frequencies, and z- is the relaxation time 
of the system. 
Comparatively, the Power-Law model is a simple two-parameter equation given as 
* n-1 1J = COJ (2) 
Here 17* is the complex viscosity of the hybrids, @ is the frequency in rad/s, c is a 
constant determined by curve fitting and n is the power law index. The fits obtained by 
the power-law equation were similar to the fits obtained by the Carreau-Yasuda equation. 
Since, regression with the 2-parameter power-law model is simpler than that of the 4-
parameter Carreau-Yasuda model, we have modeled the data for the Pglass-LDPE system 
using the power-law model. The values of the power-law constants, c and n, are given in 
Table II. The goodness of the fit (R2) of the power-law equation to the experimental data 
(see Fig. 6) is also shown in this table. 
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To model the mechanical behavior of these hybrids, we used a Maxwell model 
(24) consisting of three elements connected in series. The complex viscosity of the 
Pglass-LDPE hybrids can be predicted by using Equations (3)-(5): 
(3) 
(4) 
* + (G")2 
7J = (5) 
{j} 
where Ti is the relaxation time (sec), aJ is the frequency (rad/s), Gi are elastic constants. 
The frequency range covered in our experiments is 1 to 100 rad/s or 2 decades in @. The 
experimental data in this frequency range can be fitted well with 4-5 Maxwell elements in 
series. The Ti and Gi are calculated by using a nonlinear regression analysis of the G' and 
G" data using the ARES software. The values we calculated for the Ti were 0.01, 0.1, 
0.32, 1, and 10 s, i.e. 5 modes. These values were verified with the values obtained by 
using the IRIS software developed by H. Winter (25,26). Using these five Ti values and 
the corresponding Gi values for each hybrid, we can fit a relaxation moduli G(t) 
according to the following generalized Maxwell model 
(6) 
Figure 7 shows a plot of Gi against Ti and G(t) against time for 30% Pglass-LDPE. It can 
be seen from this figure that the 5 modes provide a sufficiently good fit over the range of 
our experimental data. Theoretically, the values of Gi calculated at a particular Ti from the 
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G' and G" data should show very good agreement, within the reproducibility of 
rheological results (±10%). However, due to regression and experimental errors, the Gi is 
found to vary slightly. Therefore, average values of the Gi obtained from the G' and G" 
regressions are used in the model. Also, to accurately describe the Maxwell model over 
our data in the restricted experimental window of frequency range of 1 to 100 rad/s, we 
found only 3 of the earlier 5 relaxation modes to be sufficient to provide excellent fits to 
our experimental data. Therefore, these three modes (i.e., 'l'J = 0.0ls, i-2 = 0.ls, and i-3 = 
ls) have been used with the corresponding averaged Gi to describe the hybrid 
components using the generalized Maxwell model. The experimental curve and the 
Maxwell model fits are shown for 10%, 30%, and 50% Pglass-LDPE hybrids in Fig. 8. 
To better understand the effect of temperature on the viscosity of these hybrids, 
we performed frequency sweeps on the hybrid materials at temperatures ranging from 
170 °c to 220 °c, in increments of 10 °c. It is conceivable that as the temperature is 
decreased a sharp upturn of the complex viscosity at low frequencies may be observed. 
This upturn in viscoelasticity is probably related to the presence of interfacial elastic 
contributions in the glass-polymer hybrids (27) as others have reported for viscoelastic 
emulsions with interfacial tensions (28) and other incompatible polymer blends (29-31 ). 
The dependence of the shift factors ar with temperature can be fitted to an Arrhenius type 
exponential function of the form 
(7) 
where Mis the flow-activation energy and R is the universal~as constant [see Fig. 9]. 
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D. Solid-State Rheology 
· The rheological characterization presented thus far with the ARES® was 
performed on the hybrids in their molten state (i.e., well above the Tm or Tg of the 
materials). To characterize the behavior of these hybrids at temperatures well below their 
Tm or Tg (i.e., in their solid state), DMA analysis was used. Figure 10 compares the 
change· in complex shear modulus (GJ with temperature for uncoupled Pglass-LDPE 
hybrids. The glass loading ranges from 10% to 50% (volume basis). Figure 11 shows the 
variation in G* values with temperature for coupled Pglass-LDPE hybrids. Figure 12 
* . compares the G values for coupled and uncoupled 10% Pglass-LDPE hybrid. 
Analogous to the temperature-frequency sweeps performed on the molten hybrids 
with the ARES®, a temperature-frequency sweep (called Frequency Multiplex in the 
DMA 7) was carried out. on the hybrids· in the solid state. Typical results of this test 
performed on a 30% Pglass-LDPE sample are summarized in Fig. 13. For clarity, only 
the curves from 30 °c to 100 °c in steps of 10 °c are shown. 
4. Discussion 
A. Melt Rheology 
An analysis of the power-law curve-fit equation [Eqn.(2)] shows that at low 
values of the frequency co, the complex viscosity increases, tending towards infinity at 
vanishing frequencies. At @ = 1 rad/s, 77 * = c. For the range of frequencies covered in our 
experiments, @ = 1 rad/s represents the lowest frequency, and we define c as the zero-
shear viscosity Y/O· The value of 110 obtained by regression is quite close to the 
experimental value of r/ at @ = 1 rad/s. Therefore, we can re-write Eqn.(1) as 
23 
(8) 
If O < n <I, it means that the material exhibits shear-thinning behavior (24). In addition, 
the lower the value of n, the greater is the shear-thinning behavior. We can see that as 
glass loading increases in the hybrids, the value of n decreases, implying increased shear-
thinning behavior [see Fig. 6(b)l. Sarnrnler and co-workers (8) have hypothesized that 
phosphate glasses are shear-thinning. Such shear-thinning behavior has been reported for 
other inorganic (silicate) melts under shear (32-38). lbar (39) has explained shear-
thinning behavior in terms of rise in elasticity of the system with increased shearing. This 
explanation would especially hold true for a hybrid system with inorganic filler, as the 
presence of the filler raises the elasticity of the system. It is noteworthy that the shear-
thinning tendency of the hybrid becomes greater (low n value) for higher concentrations 
of Pglass [see Fig. 6(b)]. This behavior suggests that introducing Pglass to the system 
results in nonlinear chemical and physical interactions between the hybrid components 
such as fewer chain entanglements in the hybrid. Further, the shear-thinning behavior just 
mentioned suggests that the hybrid components may have combined in the melts to form 
short linear and/or branched chains (9,13). It is not clear from the experiments reported in 
this paper whether the hybrid components combined by covalent and/or ionic bonds, or 
by some weaker association. Limited SEM results (Fig. 3) show clearly an evolution of 
the hybrid microstructure from Pglass forming the small round dispersed phase [Fig. 
3(a)] to interpenetrating network structures [Fig. 3(c)] and compositions in the LDPE 
phase as the concentration of the Pglass is increased in the hybrid. Figure 3(d) shows the 
X-ray spectra for a typical mixed phase (glass-rich) region in the 30% Pglass-LDPE SEM 
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sample. We can see that there is a high concentration of carbon (LDPE) in this region, 
which should have contained only Pglass if the hybrid components were non-interacting. 
Similar results (not shown) were observed for the 10% Pglass-LDPE but not for the 50% 
Pglass-LDPE blend. The reason for the latter observation might be that at higher glass 
loadings, the amount of LDPE in the hybrid is too little to be reliably detected (see Table. 
I). 
. From Figs. 5 and 6(b ), it can be seen that the viscosity of the hybrids increases 
with increasing Pglass concentration and the shear thinning behavior of the hybrids is 
enhanced as the Pglass concentration is increased. The viscosity decrease with increasing 
shear rate (shear thinning) is expected to enhance the processability of hybrids. By 
contrast, similar high glass loading levels are impossible to process by using conventional 
high-Tg borosilicate glass (i.e., E-glass) and conventional plastics processing equipment 
because of high intractable viscosity of the E-glass/polymer composite melt. The relative 
high viscosity of the pure Pglass component of the hybrids and its shear thinning 
behavior, especially at high shear rates, facilitate generation of the unique microstructures 
despite the high Pglass concentration in the hybrids. 
Fig. 5(b) shows the complex viscosity of the hybrids at different glass loading and 
at different frequencies (1, 10, and 100 rad/s). It can be seen from this figure that 
viscosity rises with increased glass loading, but falls with increasing frequency for all 
glass loadings investigated. Figure 5( c) shows the change in elastic modulus G' at various 
glass loading and frequencies. It can be seen from this figure that with increase in glass 
loading, the elastic modulus rises in the range of frequencies studied. Figure 5(a) shows 
the frequency dependencies of complex viscosity of the hybrids and their pure 
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components. Relative to the LDPE-Pglass hybrids, slight shear thinning occurs at higher 
frequencies for the pure Pglass, indicating the presence of linear and/or cyclic chain 
structures with fewer entanglements. These chain structures are expected to be a 
distribution of short chain sizes with some chains smaller than a Gaussian submolecule 
since only three Maxwell models connected in series were needed to fit the data as 
discussed later. As we have previously reported, it is now generally recognized that 
inorganic phosphate glasses such as the present ones are polymeric in nature in the sense 
that they are composed of chain-like structures like organic polymers such as the LDPE 
used here. The chain-like structure of the former can range from 2 to 50 units of 
phosphate anion tetrahedral depending on the metal : phosphate ion ratio in the glass 
composition (8,9,15,40, 41) 
Physical models consisting of combinations of Maxwell and Voigt elements are 
traditionally used to model the linear viscoelastic response of polymeric melts to small-
amplitude oscillatory shear ( 42). Five Maxwell relaxation modes or relaxation times were 
extracted from the dynamic viscoelastic data of all the hybrids (i.e., i-1 = 0.0ls, i-2 = 0.ls, 
i-3 = 0.32s, i;, = ls, i-5 = 10s) using the nonlinear regression method of Winter and 
coworkers already mentioned. Of these five modes, we found only three to be sufficient 
to fit the data in the restricted frequency range of our experiments ( 1-100 rad/s ), allowing 
use of a generalized model consisting of three Maxwell models in series, with i-1 = 0.0 ls, 
i-2 = 0. ls, i-3 = ls to describe our data. The model was fitted to the complex viscosity data 
for 10-50% Pglass-LDPE hybrids, and in each case, the goodness of fit (R2) was found to 
exceed 99%. At the lower frequencies, the longer relaxation time (i.e., Z"J = 1 s) dominates. 
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At the higher range of frequencies, the shorter relaxation time (i.e., r1 = 0.0ls) dominates. 
At the intermediate frequency ranges, r2 = 0.ls becomes the effective T. This distribution 
of the relaxation time is expected and consistent with the results already discussed. At 
lower frequencies, the viscosity is high and elastic modulus G' is low. Hence, the 
relaxation time is higher. As the frequency increases, the elastic modulus rises and 
viscosity drops leading to a shorter relaxation time for the system. The model also 
confirms that the hybrids are linearly viscoelastic in the range of frequencies employed. 
This is an important result as it simplifies the mathematical modeling required for 
predicting the processability of these materials in conventional plastics processing 
equipment. 
Theoretical approaches have been ·used to predict the rheological behavior of 
incompatible multiphase systems that are somewhat analogous to the present glass-
polymer hybrids (28,31-33). Palieme (28,31) developed a model that can be used to 
predict the linear viscoelastic behavior of polymer emulsions, taking into account the size 
of the viscoelastic droplets dispersed in a viscoelastic polymer matrix and the interfacial 
tension between the components. The model reduces to the Oldroyd model (43, 44) if the 
components are Newtonian liquids and the droplets are of a unique size. As a first step 
towards testing the validity of Palieme model to our hybrids system, we have recently 
confirmed the presence of interfacial elastic contributions in a typical glass-polymer 
· hybrid (27) as determined by the fiber retraction methods (45, 46). Results of our studies 
on a direct comparison between the indirect interfacial tension measurements using the 
Palieme model (28, 31) and a direct measurement technique such as fiber retraction 
method (27) is the subject of a separate paper that will be published el_sewhere. The 
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limitations of the theoretical approach just mentioned together with the validity of the 
assumptions made on the morphologies of our specific glass-polymer hybrids (see Fig. 3) 
will be discussed in that paper. 
The TTS test is important for two reasons. Firstly, by using the data and the Time-
Temperature Superposition principle, it is possible to get master curves for all desired 
temperatures, without actually performing the test at the desired temperatures. Secondly, 
the data also indicates how the viscosity drops as we increase the temperature over a wide 
range of frequencies that may not be experimentally accessible. If there were a substantial 
drop in viscosity by an incremental increase in temperature, then it might be a good idea 
to select that temperature as the processing temperature because it will significantly 
enhance the processability of the material. The temperature dependency ofthe·shift factor 
could not be predicted by the William, Landel and Ferry (WLF) equation (47} as the 
temperatures we investigated were well above the Tg or Tm of the materials used. The 
WLF equation is typically valid at temperatures close to the glass transition temperatures 
(24). Therefore, we applied an Arrhenius-type relation (derived from the Andrade-Eyring 
equation) that is useful over a wider temperature range (24,48). This relation was found 
to be valid over the temperature range (170 °c to 220 °C) used in our experiments. The 
experimental ar values and the Arrhenius predictions are shown in Fig. 9 .. As can be seen 
from Fig. 9, there is very good agreement between theory and experimental data. The 
excellent superposition of the viscosity data suggests that the hybrids and their pure 
components are thermally stable at the temperatures (170 to 220 °C) and times used in 
this study. Consequently, this temperature range is recommended for melt processing the 
materials when viscosity stability is critical as might be the case when a crystallizable 
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Pglass composition is used m the hybri~. It is interesting to note that the Pglass 
viscosities are significantly greater than typical values for high molecular weight 
polymers, and consequently co-processing of these materials is· expected to be 
significantly enhanced by the increasing shear thinning behavior of the hybrid with 
increasing Pglass concentrations as already discussed. The flow-activation energy was 
calculated for all the hybrids used here and the values obtained are reported in Table III. 
The value of the flow-activation energy of27.1 kJ/mol obtained for 10% Pglass-LDPE is 
very close to the value of 25 kJ/mol reported for 100% LDPE (24), whiJe the value of 
286.3 kJ/mol for 50% Pglass-LDPE is consistent with those (209-2090 kJ/mol) typically 
found for inorganic glasses (17). In addition, the flow-activation energy increases with 
glass loading, which is consistent with the trends in the 17 * versus w data reported in Fig. 
5(a). 
B. Solid-State Rheology 
The solid-state rheological analysis is important because these tests give an idea 
of the behavior of these materials under conditions that they are likely to encounter in 
their targeted applications. From Fig. 10, it is obvious that as glass concentration in the 
hybrid increases the a* value is higher, especially at the lower temperatures. This 
suggests that for typical room-temperature type applications, the higher glass loading will 
have a significant improvement in mechanical properties. Fig. 11 gives similar results for 
the hybrids containing the coupled glass. By comparing Figs. 10 and 11, it can be seen 
that the Silane Al 100 coating gives better properties than the Glassclad 18 coupling 
agent. We ascribe the beneficial function of the coupling agents in the hybrids to the 
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well-known reaction between silanols and hydroxyl groups of the Pglass to give a strong 
interfacial bond (49). It is obvious from Fig. 12 that coupling agents improve the modulus 
of the hybrids, with the Silane Al 100 giving higher values than Glassclad 18. 
The frequency multiplex allows us to get TTS-like data in the solid state of these 
materials. To the best of our knowledge, this is perhaps the first time that such a 
technique has been reported in the literature. It can be seen from Fig. 13, which shows the 
variation of complex viscosity with frequency at different temperatures from 30 to 100 °c 
for 30% phosphate glass-LDPE hybrid, that in the range of frequencies tested, the 
viscosity increases with reducing temperatures. This experimental fact supports our 
hypothesis that the phosphate glass exhibits shear-thinning behavior and complements the 
results obtained from the melt-rheology of these materials. Figure 13 may also be 
regarded as a contribution to the controversial debate over the question "Does glass flow 
in the solid-state under its own weight? (50-53). This evidence together with that to be 
reported elsewhere appears to be consistent with the opinion that supercooled liquids 
such as Pglass should have a finite viscosity at ordinary ambient temperatures. 
5. Conclusion 
A novel class of inorganic glass-organic polymer hybrid materials was developed 
by melt-mixing polyphosphate glass and LDPE polymer. Pglass-LDPE hybrids with 
Pglass concentrations up to 50 (v/v) % or about 83 (w/w) % Pglass concentration were 
prepared. All the materials exhibited strong shear-thinning behavior with. increasing 
Pglass concentration in the Pglass-LDPE hybrid. This result is ascribed to nonlinear 
chemical and physical interactions between the hybrid components such as fewer chain 
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entanglements in the system and possible re-combinations of the components in the melt 
phase to form short and/or linear branched chains. A simple power-law equation and a 
Maxwell· model with three relaxation times were found to accurately predict the 
frequency dependencies of the complex viscosities of the materials at temperatures well 
above the Tg or Tm of the hybrid components (i.e., 170°C < T < 220°C). The complex 
viscosities of the Pglass-LDPE hybrids superposed excellently in the range of 
temperatures and frequencies examined, indicating that the hybrid components are stable 
under these test conditions. The temperature dependencies of the shift factors followed an 
Arrhenius-type relation, enabling activation energies for viscous flow of the materials to 
be calculated. The activation energies varied from 25 kJ/mol (pure LDPE) to 285 kJ/mol 
(50 vol.% Pglass-LDPE hybrid) and were found to be consistent with those reported for 
inorganic glass melts especially at high Pglass concentrations. 
As expected, the complex shear modulus of the materials m the solid-state 
increased with increasing Pglass · concentrations. Pre-treating the Pglass with silane 
coupling agents prior to melt-blending with the LDPE resulted in substantial increases in 
the complex shear moduli of the Pglass-LDPE hybrids, indicating strong interfacial 
bonding between the hybrid • components. The evolution in the microstructure of the 
Pglass phase from droplets to elongated and interpenetrating network structures is 
thought to be interesting and may be beneficially exploited in applications requiring the 
desirable properties of the hybrid components such as high stiffness and strength, 
excellent flame resistance, gas/liquid barrier properties, ease of processing, and low cost. 
The dynamics of the microstructure evolution in these materials is one critical area for 
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additional study because it will afford the knowledge needed to tailor the final properties 
of these interesting materials to specific applications. 
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Table I: Amounts of phosphate glass and LDPE used in the hybrids 
Vol. % Phosphate Mass of Phosphate Glass Mass ofLDPE 
Glass (!!) (!!) 
10 16.87 37.26 
20 33.75 22.32 
30 50.62 19.53 
40 67.5 16.74 
50 84.37 13.95 
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Table II: Power Law curve-fit to the complex viscosity data for uncoated phosphate glass 
- LDPEhybrids [ 1Jo = c in Eqn. (1)] 
Vol.% 1/0 n Rz 
Pglass Pa.s 
0 5470.15 0.6749 0.9880 
10 6884.3 0.5684 0.9987 
20 21960 0.4880 0.9998 
30 28732 0.4795 0.9998 
40 180760 0.4702 0.9992 
50 301860 0.4892 0.9998 
38 
Table III: Arrhenius model fit to the TTS data for Pglass - LDPE hybrids 
Vol.% AH R2 
Pglass kJ/mol 
10 27.01 0.9828 
20 54.4680 0.8900 
30 63.65 0.9766 
40 132.3400 0.9637 
50 286.28 0.9768 
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Captions of the Figures 
Fig. 1: Weight percent versus Volume percent of Pglass in the Pglass-LDPE hybrids. 
Fig. 2: Typical time dependencies of Torque for the 10 vol% Pglass-LDPE hybrid at 140 
0c, and 30 rpm as measured in a Brabender plasticorder. 
Fig. 3(a): SEM micrograph of 10 vol% Pglass-LDPE hybrid 
Fig. 3(b): SEM micrograph of30 vol% Pglass-LDPE hybrid. 
Fig. 3(c): SEM micrograph of 50 vol% Pglass-LDPE hybrid. 
Fig. 3( d): X-ray spectrum of a mixed-phase region in the 30 vol%Pglass-LDPE hybrid. 
Fig. 4: Strain dependencies of storage modulus for the 10 vol% Pglass-LDPE hybrid at 
170 °c, 10 rad/s. 
Fig. 5( a): Frequency dependencies of Complex Viscosity for the Pglass-LDPE hybrids at 
170 °c, 2 % strain, and at the volume% of Pglass shown. 
Fig. 5(b): Variation of Complex Viscosity with volume% Pglass for the Pglass-LDPE 
hybrids, at the frequencies shown. 
Fig. 5(c): Variation of Storage Modulus with volume% Pglass for the Pglass-LDPE 
hybrids, at the frequencies shown. 
Fig. 6(a): Power Law fit (lines) of the measured complex viscosity (symbols) as a 
function of the frequency for the Pglass-LDPE hybrids at 170 °c, 2 % strain, and at the 
volume% of Pglass shown. 
Fig. 6(b): The variation of the Power Law Index as a function of volume% of Pglass in 
the Pglass-LDPE hybrids. 
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Fig. 7: Relaxation spectrum (solid line) and discrete relaxation modes (circles) for 30% 
Pglass-LDPE at 170 °c. 
Fig. 8: A 3-Parameter Maxwell Model fit (lines) of the measured complex viscosity 
(symbols) as a function of the frequency for the Pglass-LDPE hybrids at 170 °c, 2 % 
strain, and at the volume % of Pglass shown. 
Fig.9: Temperature dependencies of the shift factors at the volume% of Pglass shown, 
using the Arrhenius equation. 
Fig. 10: Temperature dependencies of the Complex ~odulus for the uncoated Pglass-
LDPE hybrids at the volume % of Pglass shown. 
Fig. 11: Temperature dependencies of the Complex modulus for the coated Pglass-LDPE 
hybrids at the volume% of Pglass shown 
Fig. 12: Temperature dependencies of the Complex modulus for coated and uncoated 
10% Pglass-LDPE hybrids 
Fig. 13: Frequency dependencies of Complex viscosity for 30 vol.% Pglass - LDPE 
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CHAPTER 3. CREEP AND RECOVERY OF NOVEL ORGANIC- INORGANIC 
POLYMER HYBRIDS 
Abstract 
A paper submitted to Polymer Composites Journal 
Sunil B Adalja and Joshua U. Otaigbe 
A novel class of organic-inorganic polymer hybrids was developed by melt 
blending up to 50 (v/v) % [about 83 (w/w) %] tin-based polyphosphate glass (Pglass) and 
low-density polyethylene (LDPE) in conventional plastics processing equipment. The 
creep and recovery behavior of these polymer hybrids at 30 °c were studied to 
understand the effect of the Pglass on the creep resistance of the LDPE. The results 
suggest that the Pglass acts as a reinforcement and increased Pglass loading leads to 
significantly lower creep strains. This creep resistance is further enhanced by pre-treating 
the Pglass with coupling agents prior to incorporating them into the Pglass-LDPE 
hybrids. The experimental creep compliance of these materials is compared to an 
empirical power-law equation and a modified Burgers' model. The models successfully 
predict the creep behavior, suggesting that the materials are linearly viscoelastic under 
the test conditions. 
Introduction 
Polymer hybrids are important industrial materials because their properties can be 
altered to satisfy a wide range of applications by suitably controlling the microstructure 
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and composition. Over 30% of commercial polymers used worldwide are polymer 
hybrids or alloys in one form or another (1-2). This large-scale global consumption of 
polymer hybrids is primarily due to the fact that two or more polymers with vastly 
different properties can be melt-blended to give a material having better properties than 
those of the individual polymer components. Organic-organic polymer hybrids have been • 
in use for quite a few years. When inorganic fillers such as CaCO3, talc, glass, and clays 
are incorporated into these polymer hybrids, substantial improvement in properties of the 
pure polymers can be achieved. Often, addition of the solid inorganic fillers can lead to 
intractable viscosity of the polymer hybrid, especially at filler levels greater than 30 
volume percent, making it impossible to melt process them into useful products using 
conventional plastics processing methods such as injection molding. 
Alternatively, an inorganic component that is fluid during the melt processing can 
be added to a pure polymer and polymer hybrid to provide an inorganic-organic hybrid 
system with interesting microstructures and relatively low viscosity at very high volume 
content of the inorganic phase, enhancing the properties and processability of the 
polymer. Recent successes (3-11) in developing low-Tg inorganic glasses based on 
phosphate glass chemistry have spurred interest in the relationship among processing, 
properties, and microstructure of organic-inorganic polymer hybrids. The low Tg (::::: 100 
0c) of the inorganic glass phase permits it's loading at a very high content (up to 50 vol. 
% or 85 wt. % ) in the hybrid. By contrast, such high glass loading levels are impossible 
to process by using conventional inorganic fillers such as borosilicate (E-glass) glasses 
and conventional polymer processing method because of high intractable viscosity of the 
composite melt as alluded to earlier. A challenging and fertile area for research remains 
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in learning how to process the raw phosphate glass and organic polymer into affordable, 
commercial structural materials. In this paper, we report our results on the creep and 
subsequent strain recovery of these hybrids . These properties together with the detailed 
structure and dynamics of the pure glass phase, and hybrids reported elsewhere (12-13) 
can serve as benchmarks for evaluation of the laboratory-based processing. 
Phosphate glasses ( 1-6, 9, 14-17) offer many advantages over the more traditional 
inorganic fillers such as silicate glasses (18). One key advantage of the former is their Tg 
that is low enough to permit melt processing with engineering thermoplastics to afford 
composite hybrid systems (6,7,10,11). Recent studies (6,9) have focused on developing 
chemically durable phosphate glasses with low Tg for the purpose of producing injection-
moldable glass-polymer composites that are stiff, strong, and dimensionally stable at · 
high-temperature for high-end uses. Formability of these hybrids by injection molding of 
varying compositions with different thermoplastics and thermosets (6,9,11,19) and with 
biodegradable plastic compositions (20) to give composites with considerable 
improvement in stiffness and strength of the pure polymer have been reported. In the 
papers just cited, the authors report that the phosphate glass forms the dispersed phase 
that is present as small beads or elongated fibers in the continuous polymer phase to an 
extent that depends on the nature of the composite components and processing 
conditions. 
While most of the previous work has aimed at developing glass-polymer melt 
hybrids containing zinc phosphate-based glass systems with 220 °c < Tg < 350 °c and 
expensive, high temperature polymers such as PEEK and poly ( ether sulfone) for high-
end uses, the present study reports our recent progress in synthesizing ultra-low Tg (Tg :s; 
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120 °c) phosphate glass, processing the phosphate glass with relatively cheap polyolefins 
such as LDPE to form an organic-inorganic polymer hybrid system with interesting 
microstructures and properties for a number of useful applications_. Our motivation was to 
reveal correlations between the processing conditions and the microscopic and 
macroscopic mechanical properties of the new organic-inorganic polymer hybrid 
systems .. The results of the present study are likely to provide a basis upon which future 
progress on tailoring the interesting microstructures and properties of organic-inorganic 
polymer hybrid products of this class for beneficial uses in applications requiring high 
stiffness and strength, excellent flame resistance, and ease of processing. 
Experimental 
A. Materials 
The phosphate glass (referred to as Pglass) having a molar composition of 
0.50SnF2 + 0.20SnO + 0.30P2O5 with an average density of 3.75 glee and an average Tg 
of 116 °c was synthesized in our laboratory following the procedures reported elsewhere 
(21). The general molding grade of LDPE (PE 1023), with a Tm of 125 °c and a density 
of 0.92 glee was used as received from Huntsman Corporation. All materials were dried 
for at least 24 hr or until constant weight was achieved. Table I shows the amounts of the 
LDPE and phosphate glass used to make the various hybrids. The amounts are based on a 
volume of 45 cc, which is the amount of material the mixer can hold. 
64 
B. Preparation of Coated Glass 
The coupling agents used were y-aminopropyltriehoxy silane (All0O, OSi 
Specialities, Inc.) and PS200-KG Glassclad 18 (octadecylsilane derivative.in t-butanol 
and diacetone alcohol, Huls America ·Inc.). A 1-% aqueous solution of these coupling 
agents was prepared. The Pglass was coated by simple immersion in the solution of the 
coupling agent following the methods reported previously (22). After immersion for 
about 5 minutes, the excess solution was decanted and the powders were dried to constant 
weight in a vacuum oven at 85 °c. 
C. Melt Blending 
A Brabender Measuring Head (C. W. Brabender Instruments, Inc.) torque mixer 
with twin roller - type rotors was used to prepare the hybrids. The mixer was preheated to 
140 °c and a fixed shear rate of 30 rpm was set. The polymer was first added and kept in 
the mixing head of the mixer for about 5 minutes until a homogeneous melt was 
achieved. Then the glass was added and the mixture was melt mixed for about 20 minutes 
until it homogenized completely. A number of hybrids with glass loading varying from 
10 to 50 vol. % were prepared (Table I). Hybrids were made with the uncoaled glass and 
also with the glass coated with the two coupling agents (hereafter referred to as coated 
glass). The hybrids obtained by melt mixing in the mixer were compression molded in a 
lab-scale compression molding press (Elmes Engineering, Cincinnati). A square stainless 
steel mold was used to compression mold the hybrids under a pressure of 4 MPa and 
temperature of 140 ± 1 °c. A mold residence time of about 5 minutes was used and the 
molded sample was allowed to cool in air to ambient temperature under the molding 
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pressure of 4 MPa. Rectangular DMA test specimens (length= 19 mm, width= 2 mm 
and depth = 1.5 mm, span to depth ratio = 5) were cut from the compression molded 
samples. 
D. Dynamic Mechanical Analysis 
A dynamic mechanical analyzer (Perkin-Elmer DMA 7) was used to perform the 
dynamic mechanical testing in the 3-point bend configuration in the solid-state of the 
materials (i.e. at T < Tm of the materials). The dynamic mechanical properties of the 
hybrids were determined by a temperature sweep from 25 °c to 120 °cat a sweep rate of 
2 °C/min. A constant static force of 60 mN and a dynamic force of 50 mN at a frequency · 
of 1 Hz were applied. Helium was used as the purge gas at 30 ml/min. The change in 
modulus as a function of temperature was determined for the uncoated as well as coated 
polyphosphate glass hybrids. 
E. Creep and Recovery Behavior 
The creep and recovery behavior of the hybrids was also evaluated using the 
Perkin-Elmer DMA 7 in the 3-point bend configuration at 30 °c. The oven was set to the 
desired temperature and the sample was allowed to equilibrate for 5 min. The creep 
experiments were initiated by applying a force of 250 mN on the sample. The resulting 
strain was recorded for 100 min. The · force was then reduced to 20 mN and the 
subsequent strain recovery process was monitored. 
Multi-cycle measurements were also carried out by subjecting the specimen to 
four cycles of loading and unloading histories, each of 15 min. Similar experiments were 
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also carried out for the coated Pglass - LDPE hybrids. All the experiments were 
performed in a helium atmosphere. A limited number of single and multiple cycle creep 
and recovery measurements were carried out at 80 °c to evaluate the effects of 
temperature on the creep and recovery behavior of these materials. 
Results And Discussion 
A. Dynamic Mechanical Analysis 
The temperature dependence of the storage modulus G' for the uncoated Pglass-
LDPE hybrids is shown in Fig. 1. The glass loading ranges from 10% to 50% (volume 
basis). Figure 1 shows that at higher glass concentration in the hybrid, the G' value is 
higher, especially at the lower temperatures. This suggests that for typical room-
temperature type applications, the higher glass loading will have a significant 
improvement in mechanical properties. Figure 2 gives similar results for the hybrids 
containing the coated glass. By comparing Figs. 1 and 2, it can be seen that the silane 
Al 100 coating gives better properties than the Glassclad 18 coupling agent. We ascribe 
the beneficial function of the coupling agents in the hybrids to the well-known reaction 
between silanols and hydroxyl groups of the Pglass to give a strong interfacial bond (20, 
23). This is further supported by Fig. 3, which compares data obtained from the coated 
and uncoated 10% hybrids. This figure shows that the coating agent improves the 
modulus, with the Silane Al 100 giving higher values than Glassclad 18. 
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B. Creep and Recovery 
Figure 4 shows the creep and subsequent strain recovery curves of the Pglass-
LDPE hybrid specimens at 30 °c, at the Pglass loadings indicated (10%, 30%, 50% 
Pglass). After 100 minutes of creep loading, the specimens were unloaded 
instantaneously to study the strain recovery behavior. The creep curves were found to 
have the same general form showing an instantaneous elastic strain on loading that is 
followed by a period of slow linear deformation. A transition zone separates these two 
regions. The recovery curves of the hybrids typically show an instantaneous contraction 
by an amount equal to the initial elastic strain, followed by a period of slow recovery, 
which continues for 100 minutes after unloading. These two regions are separated by a 
transition region. After recovery for an additional 100 minutes, the observed residual 
strains show no further changes, and can therefore be considered to represent non-
recoverable permanent deformation in the material. Large creep strain in the creep 
process results in higher residual strain in the subsequent recovery. 
Figure 4 suggests that increasing the glass loading in the hybrid reduces the creep 
strain and also improves the recovery behavior of the materials. We observe almost 
hundred percent recovery for the 50% Pglass-LDPE hybrid. Similar results are obtained 
for the coated Pglass-LDPE hybrids (Fig. 5), suggesting that the Pglass is acting as a 
reinforcing agent. This reinforcing effect becomes more apparent when we study 
microstructure evolution in these hybrids as a function of the Pglass loading. Limited 
SEM results (Fig. 6) show clearly an evolution of the hybrid microstruc~re with the 
Pglass microstructure evolving from small round dispersed phase [Fig. 6(a)] to 
interpenetrating (or elongated) network structures [Fig. 6(c)] in the LDPE. phase as the 
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concentration of the Pglass is increased in the hybrid. We believe that the formation of an 
interpenetrating network at high Pglass loading leads to an increase in strength and 
elasticity of the material, thereby' leading to lower creep strains and higher recovery. 
Figure 6(d) shows the X-ray spectra for a typical mixed phase (glass-rich) region in the 
30% Pglass-LDPE SEM sample. It is clearly evident from this figure that there is a high 
concentration of carbon (from LDPE) in this region, which should have contained only 
Pglass if the hybrid components were non-interacting. These interactions are expected to 
contribute to the observed strengthening in the material, making it more creep resistant. 
These interactions were also observed by nuclear magnetic resonance (NMR) 
experiments carried out on these hybrids (24). Similar results (not shown) were observed 
for the 10% Pglass-LDPE, but not for the 50% Pglass-LDPE hybrid. The reason for the. 
latter observation might be that at higher glass loadings, the amount of LDPE in the 
hybrid is too little to be reliably detected by the EDX-SEM (see Table. I). 
Figure 7 compares uncoated and coated 20% hybrids. It can be seen that coupling 
the Pglass prior to melt mixing with the LDPE leads to a substantial reduction in creep 
strain. It is also evident from this figure that the Silane All00 is a more effective 
coupling agent than Glassclad 18. These observations are consistent with the results 
obtained by DMA. 
C. Modeling of Creep Compliance 
All the creep curves obtained have the same form, which can be represented 
approximately by common rheological models. Although the latter take no account of the 
polymer structure, they have the advantage of ideally describing a differential equation 
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and are sufficient to define to a first approximation the linear· viscoelastic 'behavior of 
polymers in general. As already mentioned, the creep curves of this study can be broken 
down into three parts. Physical models consisting of combinations of Maxwell and 
Kelvin-Voigt models are traditionally used to predict the viscoelastic properties of 
polymers (25). Among the behavior types and corresponding models proposed in the 
literature (26), the three regions observed in the present study appear to be best fitted by 
the Burgers model, which is a series combination of the Maxwell and Kelvin-Voigt 
models (27). This modelwas applied to our hybrid system and a further refinement was 
made to accomodate the special viscoelastic response of the material, to obtain a precise 
expression for the observed creep compliance. 
The total creep strain 8r is given by the Burgers model as 
(3) 
Here 81 is the instantaneous elastic deformation; 82 is the delayed elastic 
deformation; and 83 is the Newtonian flow, which is identical to the deformation of a 
viscous liquid obeying Newton's law of viscosity. E1 and E2 are elastic moduli, 172 and 173 
are viscosities, er is the applied stress, and t is the creep time. In the linear viscoelastic 
range, the magnitudes of 81, 82 and 83 are exactly proportional to the magnitude of the 
applied stress, so that a creep compliance .ft can be defined, which is a function of time 
only 
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where J 1, J 2 , and J 3 correspond to &1, &2 and &3 respectively, and the retardation time i-= 
772/E2. Generally, linear amorphous polymers show a significant J3 (or &3) above their· 
glass transition temperatures, where creep may continue until the specimen ruptures. But 
at lower temperatures J1 and J2 ( or &1, &2) dominate. By comparison, crosslinked 
polymers do not show a J3 ( or &3) term, implying that recovery strain will return to zero at 
equilibrium. 
This Burgers model just described was applied to our experimental creep 
compliance data. However, it was observed that the model did not predict the creep 
compliance of our Pglass-LDPE hybrid system at longer times. Addition of the elastic 
Pglass to the viscoelastic LDPE is expected to lead to an increase in elasticity of the 
Pglass-LDPE hybrid system. Hence, the Burgers model needs to be modified to account 
for this rise in elasticity. Dropping the third term in Eqn. ( 4), corresponding to the 
Newtonian flow, gives a better fit to the experimental data. The modified Burgers 
equation used for the Pglass-LDPE hybrids is 
Figure 8 gives the model fitting results given by equation (5) and the experimental 
data for the uncoated Pglass-LDPE hybrid specimens at the Pglass loadings indicated. 
We observe that the model satisfactorily describes the creep compliance of these 
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materials in the linear viscoelastic region. Similar good fits (not shown) of Eqn. (5) to the 
experimental data were obtained for the coated Pglass-LDPE hybrids. Table II lists the 
creep parameters l/E1 and JIE2 obtained from the experimental data, and i- obtained by 
· ·regression analysis of the data for the various Pglass-LDPE hybrids. 
The Burgers model discussed above is derived from theoretical considerations. A 
general, empirical power-law type model can also be applied to systems containing a 
dispersed component (28). In our case, the Pglass is the elastic dispersed phase, whereas 
the LDPE forms the viscoelastic matrix phase. The empirical power-law model used here 
has the form: 
(6) 
Here, J1 represents the instantaneous initial elastic compliance and J2, the creep 
compliance. Both of these are constants. Typical fits of the experimental data for the 
uncoated Pglass-LDPE hybrids are shown in Fig. 9. It can be seen that the model 
describes the creep compliance of the materials very accurately. The· model also fits the 
data obtained from the coated Pglass-LDPE specimens (not shown) very well. The 
constant J1 is obtained from experimental data and is equal to the corresponding l IE 1 used 
in the Burgers' model. Table III lists the creep parameters J1, J2, and n for the various 
Pglass-LDPE hybrids. 
D. Multiple cycle creep and recovery behavior 
Figure 10 shows the multiple cycle creep and recovery behavior of the uncoated 
Pglass-LDPE specimens. It was observed that the strain increased as the number of creep 
and recovery cycles were increased. This phenomenon may be due to the fact that the 
• 
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recovery time in each cycle of our experiments was 15 min, which may be too small for 
complete relaxation of the strains from the creep cycle. The time for strains to relax is 
much longer than the time required for the strains to develop during creep. Thus, after 
each creep and recovery cycle, there is a residual creep that gets added to the next creep 
cycle. This effect is greater than that predicted by linear viscoelastic theory and is 
exacerbated by the possible buildup of plastic strains and/or other permanent 
microstructural changes. 
Increasing the amounts of the Pglass in the hybrids leads to smaller creep and 
residual strains. Coupling the glass prior to melt-mixing also improves the creep 
resistance as shown in Fig. 11. These results are in agreement with the DMA and single 
cycle creep and recovery results described earlier. 
E. Creep and Recovery at elevated temperatures 
To determine the effect of temperature on the creep behavior of these hybrids, we 
performed creep experiments on selective specimens at different temperatures at a 
loading level of 250 mN as before. · The creep behavior of these material.s at 80 °c is 
illustrated in Fig. 12 for the uncoated Pglass-LDPE. Figure 13 compares the creep 
behavior of uncoated 30 % Pglass-LDPE hybrids at 30 °c and 80 °c. These two figures 
just mentioned show a strong dependence of the creep strain on the temperature. The 
specimens show good- creep resistance properties at room temperature. At high 
temperatures, however, the creep strains increase sharply due to the increased mobility of 
the molecules. The experimental creep compliance of these specimens at 80 °c cannot be 
described by the Burgers or power law models suggesting that the materials exhibit non-
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linear creep behavior at 80 °c. This observation is supported by the fact that the models 
just mentioned are strictly valid in the linear viscoelastic regime. 
Conclusion 
A novel class of inorganic glass-organic polymer hybrid materials was developed 
by melt-mixing polyphosphate glass and LDPE polymer. The Pglass-LDPE hybrids with 
Pglass concentrations up to 50 (v/v) % or about 83 (w/w) % were prepared. The creep 
and recovery behavior of these hybrids is similar to each other in general form. The creep 
compliance was found to be well fitted by a modified Burgers model, and also by a 
power-law model for linear viscoelastic solid at room temperature (30 °c). However, 
these models do not apply at higher temperatures at the same loading level. The 
experiments point to the need for a theory that explicitly takes the non-linear behavior of 
the materials at elevated temperatures into account. 
As expected, the creep strain is reduced by increasing Pglass content in the 
hybrids, implying that the Pglass acts as reinforcement. This is also in agreement with the 
results from dynamic mechanical analysis . Pre-treating the Pglass with silane coupling 
agents prior to melt-blending with the LDPE resulted in substantial increases in the 
complex shear moduli of the Pglass-LDPE hybrids, indicating strong interfacial bonding 
between the hybrid components. The evolution in the microstructure of the Pglass phase 
from droplets to elongated and interpenetrating network structures is thought to be 
interesting and may be beneficially exploited in applications requiring the desirable 
properties of the hybrid components such as high stiffness and strength, excellent flame 
resistance, gas/liquid barrier properties, ease of processing, and low cost. The dynamics 
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of the microstructure evolution in these materials is one critical area for additional study 
because it will afford the knowledge needed to tailor the final properties of these 
interesting materials to specific applications. 
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Table I: Amounts of phosphate glass and LDPE used in the hybrids 
Vol. % Phosphate Mass of Phosphate Glass . Mass ofLDPE 
Glass fo:) (g) 
10 16.87 37.26 
20 33.75 22.32 
30 50.62 19.53 
40 67.5 16.74 
50 84.37 13.95 
78 
Table II: Parameters from the Burger model fit to the Creep compliance data. 
Pglass Vol% l/E1 (Pa-1) l/E2 (Pa-1) T sec 
10 9.00E-10 9.40E-10 30 
20 6.28E-10 7.74E-10 36.5 
30 3.70E-10 4.18E-10 37.6 
40 l.94E-10 2.0SE-10 32.7 
50 l.00E-10 1.22E-10 32.2 
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Table III: Parameters from the Power-law model fit to the Creep compliance data. 
Pglass Vol% Jo (Pa-I) JI (Pa-I) n 
10 9.00E-10 l.15E-10 0.4445 
20 6.28E-10 l.06E-10 0.452 
30 3.70E-10 3.95E-ll 0.5159 
40 l.94E-10 2.62E-ll 0.4532 
50 l.00E-10 2.44E-ll 0.3353 
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Captions of the Figures 
Fig. 1: Temperature dependencies of the Complex modulus for the uncoated Pglass-
LDPE hybrids at the volume % of Pglass shown. 
Fig. 2: Temperature dependencies of the Complex modulus for the coated Pglass-LDPE 
hybrids at the volume % of Pglass shown 
Fig. 3: Temperature dependencies of the Complex modulus for coated and uncoated 10% 
Pglass-LDPE hybrids 
Fig. 4: Single cycle creep and recovery behavior of the uncoated Pglass-LDPE hybrids at 
30 °c, and the volume% of Pglass indicated. 
Fig. 5: Single cycle creep and recovery behavior of the coated Pglass-LDPE hybrids at 30 
0c, and the volume % of Pglass indicated. 
Fig. 6: SEM micrographs of (a)lO vol%, (b) 30 vol%, and (c) 50 vol% Pglass-LDPE 
hybrids, and X-ray spectrum of a mixed-phase region in (b ). 
Fig. 7: Single cycle creep and recovery behavior of the coated and uncoated 20% Pglass-
' 
LDPE hybrids at 30 °c. 
Fig. 8: Burger Model fit of the measured creep compliance as a function of the loading 
time for the Pglass-LDPE hybrids at 30 °c, and at the volume% of Pglass shown. 
Fig. 9: Power Law fit of the measured cr~ep compliance as a function of the loading time 
for the Pglass-LDPE hybrids at 30 °c, and at the volume% of Pglass shown. 
Fig. 10: Multi-cycle creep and recovery behavior of the uncoated Pglass-LDPE hybrids at 
30 °c, and the volume % of Pglass indicated. 
Fig. 11: Multi-cycle creep and recovery behavior of the coated and uncoated 10% Pglass-
LDPE hybrids at 30 °c. 
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Fig. 12: Single cycle creep and recovery behavior of the uncoated Pglass-LDPE hybrids 
at 80 °c, and the volume % of Pglass indicated. 
Fig. 13: Effect of temperature on the single cycle creep and recovery behavior of 
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CHAPTER 4. MELT RHEOLOGY OF TIN PHOSPHATE GLASSES 
Abstract 
A paper submitted to Applied Rheology Journal 
Sunil B Adalja and Joshua U. Otaigbe 
The melt rheology of a low Tg tin phosphate glass (Pglass) has been studied with 
oscillatory shear flow experiments to accelerate efforts to melt process the glass with 
different organic polymers. The OJ dependence of the complex viscosity 77* of the Pglass 
is easily predicted by a modified Rouse model with two relaxation times. The complex 
viscosity of the glass at different temperatures and frequencies can be superposed and 
described by the Arrhenius equation. At higher temperatures, the melt viscosity of the 
Pglass increased monotonically with time. This viscosity rise is thought to be due to 
sample crystallization. The Pglass was melt-mixed with two different thermoplastic 
polymers (low-density polyethylene and polystyrene) to produce unique hybrid materials 
with interesting microstructures. 
1. Introduction 
Recent successes (1-9) in developing low-Tg inorganic glasses based on phosphate 
glass chemistry have spurred interest in the relationship among processing, properties, 
and microstructure of organic-inorganic polymer hybrids. The low Tg (~ 100 °q of the 
inorganic glass phase permits it's loading at a very high content (up to 50 vol. % or 85 
wt. % ) in the hybrid. By contrast, such high glass loading levels are impossible to process 
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by usmg conventional inorganic fillers such as borosilicate (E-glass) glasses and 
conventional polymer processing method because of high intractable viscosity of the 
composite melt. 
Phosphate glasses (1-4, 7, 10-13) offer many advantages over the more traditional 
inorganic fillers such as silicate glasses (14). One key advantage of the former is their Tg 
that is low enough to permit melt processing with engineering thermoplastics to afford 
composite hybrid systems ( 4,5,8,9). Recent studies ( 4,7) have focused on developing 
chemically durable phosphate glasses with low Tg for the purpose of producing injection-
moldable glass-polymer composites that are stiff, strong, and dimensionally stable at 
high-temperature for high-end uses. Formability of these hybrids by injection molding of 
varying compositions with different thermoplastics and thermosets (4,7,9,15) and with 
biodegradable plastic compositions (16) to give composites with considerable 
improvement in stiffness and strength of the pure polymer have been reported. In the 
papers just cited, the authors report that the phosphate glass forms the dispersed phase 
that is present as small beads or elongated fibers in the continuous polymer phase to a 
greater or lesser extent depending on the nature of the composite components and 
processing conditions. 
Processing of these glasses into useful components often requires significant 
shear deformation. Traditional silicate glasses have been studied quite extensively, and 
their flow properties are well documented ( 17). In contrast, the rheological behavior of 
phosphate glasses is little studied. In this paper, we aim to carry out a detailed rheological 
characterization of a tin-phosphate glass composition. The focus of the paper is on 
understanding the dynamic melt flow and stability of this glass at various temperatures. 
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The melt-mixing of this glass with different thermoplastic polymers to give urnque 
organic-inorganic hybrids is demonstrated. 
2. Experimental 
A. Materials 
A tin phosphate glass (hereafter referred to as Pglass) having a molar composition 
of 0.50SnF2 + 0.20SnO + 0.30P2O5 was synthesized in our laboratory following the 
procedures reported elsewhere ( 18). Differential scanning calorimetry was carried out on 
the powdered glass at a rate of 5 °Clmin from 30 °c to 200 °c. A secondary transition 
characteristic of a glass transition temperature Tg was found at 116± 2 °c. The average 
density of the Pglass at room temperature was measured as 3.75 glee using standard 
techniques. 
Small disks (25 mm diameter x 3 mm height) were fabricated from the Pglass for 
parallel plate-plate rheological experiments. This was done by pouring the molten Pglass 
into stainless steel molds. The disks were cooled and after solidification placed in an 
annealing oven. The disks were optically transparent and colorless. The annealed disks 
were then placed in a sealed plastic bag and stored in a desiccator until required for 
testing. 
B. Melt Rheology 
Small-amplitude parallel plate-plate experiments were performed on the Pglass 
disks using a dynamic mechanical spectrometer (ARES®, Rheometrics Scientific) 
operating under RSI Orchestrator software for automatic equipment control, data 
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acquisition and analysis. Temperatures were restricted primarily to those above the Tg of 
the Pglass. The plates, and the fixtures holding them, were made of stainless steel. The 
sample compartment was continuously blanketed with nitrogen throughout the 
experiments. The nitrogen temperature was used to control the sample temperature. A 
probe in contact with the lower parallel plate sensed the sample temperature. 
The melt viscoelastic properties of the Pglass were measured under dynamic shear 
deformation. These are reported in terms of the complex dynamic shear viscosity ( r/). 
The reproducibility of the measured parameters was tested with at least three samples. 
Melt viscosity 77 * was measured at selected frequencies and temperatures. The 
angular frequency at each temperature ranged from 0.1 to 100 rad/s. Temperatures were 
scanned from 200 °c to 250 °c in 10 °c steps at a strain of 2%. A fresh sample was used 
at each temperature. The viscosities measured at this strain were found to be strain 
independent. This was confirmed with strain and frequency sweep experiments at 200 °c, 
and assumed to be true for the lower viscosities found at higher temperatures. 
C. Melt Stability 
Samples were continuously subjected to a sinusoidal shear flow for about 2 h at a 
low frequency of 1 rad/s and a controlled strain of 1 %. The complex dynamic viscosity 
was continuously measured at fixed time intervals at the same frequency and strain. To 
study the effect of temperature on melt-stability, the experiments were run at 
temperatures from 210 °c to 250 °c. A fresh sample was used in each case. 
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D. Melt Blending 
The Pglass was melt-mixed with two different organic thermoplastic polymers to 
produce novel organic-inorganic hybrid materials. The polymers used were low-density 
polyethylene (LDPE), and polystyrene (PS). Information about these polymers is 
provided in Table I. It should be noted that the LDPE is a semi-crystalline polymer, 
whereas the PS is completely amorphous. These polymers were selected in order to study 
the effect of the type of polymer on the microstructure of the hybrid formed. 
A Brabender Measuring Head (C. W. Brabender Instruments, Inc.) torque mixer 
with twin roller-type rotors was used to prepare the hybrids. The mixer was preheated to 
the mixing temperature (see Table I) and a fixed shear rate of 30 rpm was set. The 
polymer was first added to the mixing head of the mixer and maintained at the mixing 
temperature for about 5 minutes until a homogeneous melt was achieved. Subsequently, 
the glass was added and the mixture was melt-mixed for about 20 minutes until it 
homogenized completely. A number of hybrids with glass loading varying from 10 vol.% 
to 50 vol.% were prepared. The hybrids obtained by melt mixing in the mixer were 
compression molded in a lab-scale compression molding press (Elmes Engineering, 
Cincinnati). Small disks (25 mm diameter x 3 mm height) were compression molded 
under a pressure of 4 MPa at the mixing temperature. A mold residence time of about 5 
minutes was used and the molded sample was allowed to cool in air to ambient 
temperature under the molding pressure of 4 MPa. 
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3. Results And Discussion 
A. Melt Rheology 
To characterize the flow properties of this system a detailed rheological 
characterization was carried out with the ARES® rheometer. The complex viscosity 77*( OJ) 
of the Pglass was measured as a function of angular frequency (1) for selected 
temperatures above the Tg. The results are summarized in Fig. 1. The noteworthy features 
of the Pglass are: ( 1) 177 * (OJ~ depends strongly on frequency OJ at low temperatures [200 
0q. (2) 177 * (OJ~ decreases sharply with increasing temperatures. The 177 * (OJ~ is of the 
order of 104 Pa.s at 200 °c, and 103 Pa.s in the 210 - 250 °c range. Thus, we find a 
substantial reduction in 177* (OJ~ as the temperature is increased. By selecting the 
appropriate processing temperature, the Pglass viscosity can be made to match the 
viscosity of engineering thermoplastics as is often desired for coprocessing melt blends or 
hybrids. 
Sammler and co-workers (6) modeled the rheology of zinc phosphate glasses 
using a modified Rouse theory. This theory was developed for undiluted polymers of low 
molecular weight (<20,000 g/mol) (19). The Rouse model predicts the complex dynamic 
viscosity as 
(1) 
Here the Pglass has a density p, molecular weight M, and a set of relaxation times 
{ i-1, r2, i-3 ... -rN} at absolute temperature T and angular frequency co. Here, R is the ideal-
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gas-law constant and i = - 1. For a melt with one relaxation time 1:, the theory reduces 
to 
(2) 
This is the model used by Sammler and co-workers (6) in their work. They have 









Figure 2 shows the predictions of the I-parameter Rouse model for the dynamic 
shear data of the Pglass at 200 °c, 230 °c, and 250 °c. It is clear that the model agrees 
very well at low values of the angular frequency @, but deviates substantially at higher co. 
This model predicts a more shear-thinning nature at higher @, than experimentally 
observed. The predicted behavior just mentioned would hold true if the Pglass was 
composed of very small phosphate chains, which are very similar in length. However, for 
the Pglass used, high-pressure liquid chromatography (HPLC) indicates the presence of 
two types of units (Fig. 3). These are the P 1 and P2 units, where the superscript indicates 
the number of phosphate units in a chain. Additional details on HPLC and size 
distribution of phosphate glasses are reported elsewhere (20). Figure 3 clearly indicates 
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that there is a substantial amount of both types of units present in the glass, and both 
types would contribute a characteristic relaxation mode. Figure 3 also indicates the 
presence of a third unit labeled p2 '. The exact nature and composition of this unit is 
currently under investigation. 
Considering two terms in the Rouse theory leads to a more realistic model for the 
frequency dependence of the complex viscosity. In this case, the change in complex 
viscosity as a function of frequency can be described as 
(6) 
We can introduce two constants as 
(7) 
These two constants have the units of viscosity. The magnitude of the complex 
viscosity can then be derived as 
(8) 
The predictions of the 2-parameter Rouse model are shown in Fig. 4. For clarity, 
only the results at 200 °c, 230 °c and 250 °c are shown. It can be seen that by 
introducing a second term in the model, the theoretical predictions show a much better 
agreement with the experimental data than before. The 'fi values were determined by 
using the IRIS software developed by Prof. Winter and coworkers at University of 
Massachusetts, Amherst. The software directly calculates the relaxation times by a non-
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linear regression of the dynamic viscoelastic data on the Pglass (21,22). The Ti and 
corresponding lJi values are reported in Table II for the Pglass at various temperatures. 
The smaller relaxation time corresponds to the P 1 unit, while the larger relaxation time is 
for the larger P2 unit. 
B. Time-temperature superposition 
To understand the effect of temperature on the viscosity of the Pglass, we 
performed frequency sweeps at temperatures ranging from 200 °c to 250 °c, in 
increments of 10 °c. The Time-Temperature Superposition (TTS) test is important for 
two reasons. Firstly, by using the data and the Time-Temperature Superposition principle, 
it is possible to get master curves for all desired temperatures, without actually 
performing the test at the desired temperatures. Secondly, the data also indicates how the 
viscosity drops as we increase the temperature over a wide range of frequencies that may 
not be experimentally accessible. If there 1s a substantial drop in viscosity by an 
incremental mcrease m temperature, then it might be a good idea to select that 
temperature as the processing temperature because it will significantly enhance the 
processability of the material. The TTS shift factor ar was defined for each temperature 
as 
(9) 
The reference temperature To was selected as 220 °c. The dependence of the shift factors 




where MI is the flow-activation energy and R is the universal gas constant 
The temperature dependency of the shift factor could not be predicted by the 
William, Landel and Ferry (WLF) equation (19), as the temperatures we investigated 
were well above the Tg of the Pglass. The WLF equation is typically valid at temperatures 
close to the glass transition temperatures (23). Therefore, we applied an Arrhenius-type 
relation ( derived from the Andrade-Eyring equation) that is useful over a wider 
temperature range (23). This relation was found to be valid over the temperature range 
(200 °c to 250 °C) used in our experiments. 
The experimental aT values and the Arrhenius predictions given by Eqn. 10 are 
shown in Fig. 5. As can be seen from Fig. 5, there is a very good agreement between 
theory and experimental data. The excellent superposition of the viscosity data suggests 
that glass is thermally stable at the temperatures (200 °c to 250 °C) and times of this 
study. Consequently, this temperature range is recommended for melt processing the 
materials with engineering thermoplastics. The fit parameter Ml/R was found to have a 
value of 10474 K. Consequently, the activation energy Ml was calculated as 87.08 
kJ/mol. This is consistent with those typically reported for inorganic glasses (6, 13) 
C. Melt Stability 
The melt stability of the Pglass at various temperatures was evaluated by 
subjecting disks of the Pglass to small amplitude oscillatory shear flows (strain= 1 %, (jJ= 
1 rad/s) for two hours. The results demonstrating melt instabilities at longer times are 
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reported in Fig. 6. The viscosity increases monotonically with time especially at long 
times and elevated temperatures. This increase in viscosity can lead to complications in 
the processing of this glass with thermoplastics. Figure 6 also shows that the melt 
instability is a function of temperature, at higher temperatures the time elapsed before the 
instabilities are observed is shorter. This places a limit on the processing time at various 
temperatures. The time for a 20% increase in viscosity is reported as !onset in Table III for 
the Pglass at various temperatures. This table shows that lonset decreases with increasing 
temperature. One approach to simplify the processing of the Pglass may be to limit 
processing times to below tonset• Crystallization of the glass or a structural re-ordering of 
the phosphate units in the melt is suspected to be responsible for the observed melt 
instabilities like others have reported for other Pglass compositions (6, 7). It should be 
noted that the time scales used in the frequency sweep experiments are much smaller than 
the lonset values calculated at each temperature. 
D. Morphology of Pglass-Polymer Hybrids 
Polymer hybrids are important industrial materials because their properties can be 
altered to satisfy a wide range of applications by suitably controlling the microstructure 
and composition. Organic-organic polymer hybrids have been in use for quite a few 
years. When inorganic fillers such as CaCO3, talc, glass, and clays are incorporated into 
these polymer hybrids, substantial improvement in properties of the pure polymers can be 
achieved. Often, addition of the solid inorganic fillers can lead to intractable viscosity of 
the polymer hybrid, especially at filler levels greater than 30 volume percent, making it 
impossible to melt process them into useful products using conventional plastics 
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processmg methods such as injection molding. By contrast the present low- Tg tin 
phosphate glass can be co-processed with organic polymers using conventional plastics 
processing methods to yield hybrid materials with up to 50 vol¾ glass loading (24, 25). 
In this study, the Pglass was melt-mixed with two different organic thermoplastic 
polymers: (I) low-density polyethylene (LDPE), and (2) polystyrene (PS). The typical 
morphology of these hybrids, obtained by melt-mixing is shown in Figs. 7 and 8. Figure 
7(a) shows the microstructure for 10% Pglass-LDPE, Fig. 7(b) is for 30% Pglass-LDPE, 
and Fig. 7(c) shows the microstructure for 50% Pglass-LDPE. In these micrographs, the 
light phase is the Pglass and the dark phase is the LDPE. Similarly, 10% Pglass-PS is in 
Fig. 8(a), 30% in Fig. 8(b), and 50% in Fig. 8(c). Figure 9 shows the microstructure of 
the powdered Pglass used in the melt-mixing process. Note that the micrographs were 
taken at different magnifications, the LDPE-Pglass hybrids are at 40X, the PS-Pglass is at 
1 OOOX, and the Pglass is at 1 OOOX. From Figs. 7 and 8, it is obvious that the 
microstructure evolution is strongly dependent on the type of thermoplastic polymer 
used. 
For the LDPE-Pglass hybrids, increasing the glass loading leads to evolution of a 
different microstructure. For 10% Pglass loading (i.e., lowest Pglass concentration 
studied), the Pglass is dispersed as tiny beads in the continuous polymer matrix. 
Increasing the glass loading to 30% leads to an elongated microstructure [Fig. 7(b )] of the 
Pglass within the LDPE matrix. At 50% Pglass loading, an interpenetrating network 
microstructure develops [see Fig. 7(c)]. One important observation is that even for the 
10% hybrid, the size of the Pglass droplets is much larger than the particle size of Pglass 
that was used in the melt-mixing step, indicating that the Pglass particles have coalesced 
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to form the droplets. A detailed rheological analysis was carried out on the LDPE-Pglass 
hybrids as previously reported (24, 25) .. The flexibility to tailor the microstructure of the 
Pglass phase in the hybrid in a facile manner is thought to be important because it may · 
lead to development of a new class of materials with interesting properties for a number 
of applications mentioned earlier. 
For the PS-Pglass hybrids, no interpenetrating network structure is evident. Here, 
the Pglass is dispersed as droplets in the PS matrix, and the size of the Pglass droplets is 
much smaller than the particle size of Pglass that was used in the melt-mixing step. This 
observation implies that the Pglass particles have broken up to form the droplets. 
From the preceding discussion, it is clear that the nature of the polymer strongly 
influences the nature of the resulting microstructure. The interfacial tension between the 
Pglass and the polymer is believed to be responsible for the coalescence (LDPE hybrids) 
and break-up (PS hybrids) of the dispersed Pglass particles. The evaluation of the 
interfacial tension in these hybrids is the subject of ongoing research in our laboratory. 
The preliminary results of the study just mentioned for a model polymer-Pglass hybrid is 
reported elsewhere (25, 26). 
Conclusion 
The melt rheology of a low Tg tin phosphate glass was studied and used to guide 
the selection of optimum processing temperatures with different thermoplastic polymers. 
The complex viscosity of the Pglass can be modeled by a modified Rouse model with 
two relaxation times. The frequency and temperature dependence of complex viscosity of 
the glass can be superposed and described by the Arrhenius- type relation. An Arrhenius 
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flow activation energy of 87 .08 kJ/mol was estimated for the Pglass. This value is 
consistent with the values reported for inorganic glass melts. The superpositioning of the 
experimental data enables the estimation of the viscosity for any frequency and 
temperature relevant to the processing of the Pglass. Thermal instabilities in the melt 
viscosity of the Pglass were observed at longer times, and these were accelerated at 
elevated temperatures. 
Special organic-inorganic hybrid materials were developed by melt-mixing the 
Pglass with LDPE and PS to yield materials showing evolution of a unique and 
interesting microstructure of the Pglass phase in the organic-inorganic polymer hybrids. 
These microstructures maybe beneficially exploited in applications requiring the 
desirable properties of the hybrid components such as high stiffness and strength, 
excellent flame resistance, gas/liquid barrier properties, ease of processing, and low cost. 
The dynamics of the microstructure evolution in these hybrid materials is one critical area 
for additional study because it will afford the knowledge needed to tailor the final 
properties of these interesting materials to specific applications. 
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Table I: Polymers used in the hybrids 
Polymer Trade Name Tg/Tm 11C Mixing Temp 0c Density 
glee 
Polyethylene Huntsman 1023 125 140 0.92 
Polystyrene Dow PS 666D 101 150 0.91 
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Table II: Fit Parameters from the 2-term Rouse model used for prediction of the complex 
viscosity as a function of the frequency as discussed in the text 
Temperature 0c 1J1 Ti 7J2 t'2 
200 20023 0.00094 4971.2 2.6 
210 8314.5 0.00015 1034.3 3.73 
220 2600 0.00028 650 5.25 
230 1165 0.000062 472 5.07 
240 281.05 0.0001507 31.75 1.867 
250 82 0.000012 245 12.15 
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Table III: Dependencies of the time tanset for a 20% rise in j,/(m~ as a function of 
temperature 







Captions of the Figures 
Fig. 1: Frequency dependencies of the Complex modulus for the Pglass at the 
temperatures indicated. 
Fig. 2: I-parameter Rouse fit to the Complex viscosity as a function of frequency for the 
Pglass at the temperatures indicated. 
Fig. 3: HPLC data of the Pglass. 
Fig. 4: 2-parameter Rouse fit to the Complex viscosity as a function of frequency for the 
Pglass at the temperatures indicated. 
Fig. 5: Temperature dependencies of the shift factors (symbols) using the Arrhenius 
equation (line). 
Fig. 6: Melt stability of the Pglass at the temperatures indicated. 
Fig. 7: SEM micrographs of (a)l0 vol%, (b) 30 vol%, and (c) 50 vol% Pglass-LDPE 
hybrids. 
Fig. 8: SEM micrographs of (a)l0 vol%, (b) 30 vol%, and (c) 50 vol% Pglass-PS 
hybrids. 
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CHAPTER 5. EXPERIMENTAL STUDY ON THE DEFORMATION AND 
SHAPE EVOLUTION OF SINGLE POLYPHOSPHATE GLASS FIBERS IN A 
POLYMER MATRIX 
A paper published in the Proceedings of the 13th International Congress on Rheology, 
August 19-25, Cambridge, U.K. 
Sunil Adalja, Craig Carriere, and Joshua Otaigbe 
Abstract 
Interfacial tension plays an important role in the manufacture of thermoplastic matrix 
composites and in the development and stabilization of blend morphologies. The purpose 
of this work was to evaluate the interfacial tension between polyphosphate glass (Pglass) 
and a polymer matrix (polystyrene), using the imbedded fibre retraction (IFR) technique. 
A value of 2.33 dyn/cm was measured at 200 °c, which is the processing temperature for 
these materials. 
Keywords: IFR, POLYPHOSPHATE GLASS, ORGANIC-INORGANIC BLENDS, 
COMPOSITES 
Introduction 
Polymer hybrids are important industrial materials because their properties can be 
altered to satisfy a wide range of applications by suitably controlling the microstructure 
and composition. Addition of inorganic fillers such as CaCO3, talc, glass, and clays into 
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these polymer hybrids leads to substantial improvement in properties of the pure 
polymers Often, addition of the solid inorganic fillers can lead to intractable viscosity of 
the polymer hybrid, especially at filler levels greater than 30 volume percent, making it 
impossible to melt process them into useful products using conventional plastics 
processing methods such as injection molding. Recent successes [ 1-9] in developing low-
Tg inorganic glasses based on phosphate glass chemistry have spurred interest in the 
relationship among processing, properties, and microstructure of organic-inorganic 
polymer hybrids. The low Tg (~ 100 °C) of the inorganic glass phase permits it's loading 
at a very high content (up to 50 vol. % or 85 wt. %) in the hybrid. A challenging and 
fertile area for research remains in learning how to process the raw phosphate glass and 
organic polymer into affordable, commercial structural materials, with a suitable 
microstructure. The imbedded fibre retraction (IFR) technique has been used as a 
dynamic method for measuring the interfacial tension between the Pglass and the 
polymer matrix. This method has so far been used only for organic-organic blends [ 10-
13]. We have implemented this method to und~rstand the deformation and shape 
evolution of the Pglass in a polystyrene (PS) matrix. This will help accelerate efforts in 
understanding and controlling the morphology development in organic-inorganic Pglass-
polymer hybrids. 
Overview Of The Ifr Technique 
Interfacial free energy causes the fibre to retract through a senes of shapes, the 
spherical shape representing the absolute minimum in free energy. The retracting fibre is 
characterized at any time t during the retraction by measurement of the fibre length L and 
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diameter D. The data are then analysed using the theory reported elsewhere [10,12], 
where the slope of the functionf(R/R0)-f(RIRe) against the retraction time t yields a value 
proportional to the interfacial tension. The exact relationship is expressed as 
(1) 
where R is the effective radius of the retracting fibre defined by Cohen and Carriere 
(REF), Re is the radius of the fibre at time t=O, Ro is the radius of a sphere with a volume 
equal to the volume of the fibre, and lJm and lJJ are the zero-shear viscosities of the matrix 
and fibre materials respectively. The effective dimensionless radius r = R/Ro is obtained 
as (13) 







The phosphate glass (hereafter referred to as Pglass) having a molar composition of 
0.50SnF2 + 0.20SnO + 0.30P2Os with an average Tg of 116 °c was synthesized in our 
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laboratory following the procedures reported elsewhere [14]. A general-purpose grade of 
Polystyrene (PS 680), with a Tg of 101 °c was used as received from Dow Chemical Co., 
USA. All materials were dried for at least 24 hr or until constant weight was achieved. 
Fibres of the Pglass were spun from the molten glass at 190 °c with a fibre-spinning 
apparatus built in our laboratory. These long fibres were then cut up into short fibres 
with a sharp blade and stored for use in the experiments. The PS pellets were fabricated 
into thin disks by compression molding under a pressure of 4 MPa at 150 °c. 
Bulk Zero-Shear Viscosity Coefficients 
The zero-shear viscosities of the Pglass and PS were measured using a dynamic 
mechanical spectrometer (ARES®, Rheometrics Scientific) operating under RSI 
Orchestrator software for automatic equipment control, data acquisition and analysis. 
Cone and plate arrangement was used and the steady shear mode was applied to get the 
data. The measurements were made at 200 °c, by applying a rate sweep from 0.1 s-1 to 
200 s-1• The plates, and the fixtures holding them, were made of aluminium. The sample 
compartment was continuously blanketed with nitrogen throughout the experiments. The 
nitrogen temperature was used to control the sample temperature. A probe in contact with 
the lower parallel plate sensed the sample temperature. 
Interfacial Tension Measurements 
A short Pglass fibre ( 1 0<LID<20) was placed between two disks of the PS. These 
materials were previously dried in an oven for 24 hours. The fibre section was uniform 
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and defect free, while the disks were uniform but had some surface scratches. The glass 
fibre was imbedded in the PS matrix by inserting the assembly into an optical shearing 
system (CSS 450, Linkam Scientific) and programming the heating stage to heat the 
materials to 170 °c. The imbedding process typically took 1-2 hours and was manifested 
as a circular front of the PS matrix flowing towards the fibre and encompassing it. 
After the fibre had been imbedded in the PS matrix, the sample was placed in an oven, 
without vacuum at 200 °c. Periodically, the sample was removed from the oven and the 
retraction was monitored with the aid of a microscope equipped with a video camera. A 
computer was setup to capture the real-time digital images from the camera. The 
retraction experiments typically lasted 1 day, beyond which the PS starts degrading. 
Results And Discussion 
Typical images of the retraction process are shown in Fig. 1. It is obvious that the 
change in length of the fibre is very small (see Fig. 2), implying that the retraction 
procedure is very slow. From Fig.2, we observe two distinct regions in the retraction 
experiments. For a short time up to t = .14 hr. (region I), the retraction rate is controlled 
by the surface free energy, and hence there is a linear reduction in length of the fibre. At 
higher times (region II), however, the effect of surface free energy is reduced 
considerably, and so the retraction rate is almost negligible, as can be seen from almost 
constant length of the fibre. Figure 3a shows the functionf(r) plotted for region I, while 
the corresponding plot for region II is shown in Fig. 3b. By estimating the slopes of the 
plots in Fig. 3a and 3b, using Eqn. (1-3), the interfacial tension n2 can be calculated for 
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the two regions. A value of 2.33 dyn/cm is calculated for region I, while a value of 0.004 
dyn/cm is obtained for region II. These values are comparable to the values obtained for 
organic polymer systems. 
One reason for the slow retraction process is the huge viscosity difference between the 
fibre (170=284016 P) and matrix (17o= 65000 P) materials at 200 °c. The simplest way to 
reduce the duration of the IFR experiment is to increase the temperature [10,13]. Higher 
temperatures accelerate the rate of retraction by reducing the melt viscosity of the 
materials. Figure 4 shows the viscosity of the Pglass as a function of shear rate, at various 
temperatures. It is obvious that there is a substantial drop in melt viscosity as temperature 
is increased above 200 °c. Hence, a few retraction studies were carried out at 225 °c. 
However, the ageing and degradation of the PS is also accelerated and the retraction 
could be monitored only for a few hours. 
A possible reason for the constant length of the fibre at long times (region II) could be 
that the Pglass and PS are combining by means of a physical and/or chemical interaction. 
Such a reaction would significantly reduce the interfacial tension ( as is obvious from the 
low value of 0.004 dyn/cm in this region) and hence, the interfacial energy required to 
drive the retraction process to the final spherical shape. Evidence of such interaction has 
been observed for blends of this Pglass with low-density polyethylene [ 15]. 
Conclusion 
The microscopic tracking of shape evolution of short fibres has been used for 
phosphate glass fibres imbedded in a polystyrene matrix. The materials studied were 
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particularly challenging for IFR since the Pglass has a very high melt viscosity, and the 
PS is susceptible to chemical ageing and degradation. The value obtained for the 
interfacial tension of Pglass/PS was 2.33 dyn/cm. This value is valid only for short time 
intervals. At longer times, the interfacial tension is stabilized and becomes negligible 
(0.004 dyn/cm). A chemical interaction is believed to be responsible for this stabilization 
at longer times. This work has demonstrated that the IFR technique is capable of 
measuring the interfacial tension of high viscosity organic-inorganic polymer hybrid 
systems. Further refinement of the method is warranted. In particular, using higher 
temperatures and a matrix material resistant to degradation at those high temperatures is 
needed. 
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Captions of the Figures 
Fig. 1. Shape evolution of the Pglass fiber in PS matrix 
Fig. 2. Variation in normalized fiber length with retraction time 
Fig. 3(a). Plot of the functionf(r) vs. the retraction.time for region I 
Fig. 3(b). Plot of the functionf(r) vs. the retraction time for region II 
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CHAPTER 6. GENERAL CONCLUSIONS 
This thesis focuses on developing a composite material based on an inorganic 
phosphate glass and organic thermoplastic polymers. These materials are chemically 
durable, thermally stable, and exhibit superior mechanical performance and dimensional 
stability. They are expected to be particularly useful in applications requiring excellent 
flame resistance and thermal stability at high temperatures, high elastic modulus and 
strength, and coefficient of thermal expansion for use in any load-bearing, lightweight 
applications. Highly filled systems with Pglass concentrations up to 50 (v/v) % or about 
83 (w/w) % Pglass concentration were prepared. All the materials exhibited strong shear-
thinning behavior with increasing Pglass concentration. 
In the melt state, the frequency dependencies of the complex viscosities of the 
hybrid materials can be predicted by a simple power-law equation, and a Maxwell model 
with three relaxation times. A modified Rouse model with two relaxation times can be 
used to model the complex viscosity of the Pglass. The complex viscosities of the pure 
glass, and of the hybrids can be superposed and described by an Arrhenius-type equation. 
In the solid-state, dynamic mechanical analysis shows that the complex shear 
modulus c* of the materials increased with increasing Pglass concentrations. The creep 
and recovery analysis of these hybrids reveal that the creep strain is reduced by 
increasing Pglass content in the hybrids, implying that the Pglass acts as reinforcement. 
The creep compliance can be fitted by a modified Burgers model, and also by a power-
law model for linear viscoelastic solid at room temperature (30 °C). 
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Pre-treating the Pglass with silane coupling agents prior to melt-blending resulted 
in substantial increases in the complex shear moduli of the hybrids, indicating strong 
interfacial bonding between the hybrid components. 
The evolution in the microstructure of the Pglass phase is unique and depends on 
the organic polymer used to make the hybrid. The Pglass can form droplets, elongated 
structures or an interpenetrating network within the polymer matrix. This behavior of the 
hybrids may be beneficially exploited in applications requiring the desirable properties of 
the hybrid components mentioned earlier. The dynamics of the microstructure evolution 
in these materials is one critical area for additional study because it will afford the 
knowledge needed to tailor the final properties of these interesting materials to specific 
applications. 
Future Directions 
1) Looking at the glass phase in the hybrid after subjecting the material to different 
thermal quench histories. This will involve heating the material to a high 
temperature (above Tg) and then (a) cool it normally (b) rapid quenching to 
freeze the glass. 
2) Study the effect of annealing on the pure glass. This will give information about 
the structural relaxation occurring in the glass. 
3) Atomic Force Microscopy of the hybrids to get an idea of the distribution of the 
different phases. 
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4) Use of Transmission Electron Microscopy (TEM) to look at effect of temperature 
on the morphologies 
5) Use of light scattering / neutron scattering to look at the glass phase. This will 
give a very good idea of the distribution of the phosphate glass in the polymer 
matrix. 
6) Nuclear Magnetic Resonance studies on the hybrids to get an idea of the 
interactions between the glass and polymer. 
7) To speed up the interfacial tension measurements by the IFR technique, imbed the 
polymer fiber into the Pglass matrix. This is the exact opposite of the method used 
in our experiments. Since the polymer has a lower viscosity than the glass, it's 
retraction process will be much more rapid. 
8) Extensional/ Stretching experiments need to be carried out on the hybrids to see if 
the glass can be oriented into elongated structures in the direction of the flow 
field/ stretching direction, enhancing mechanical properties. 
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